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ABSTRACT
This thesis presents both theoretical and experimental studies of a diffractive 
beam shaping system for ultrashort high-power laser pulses.
A theoretical model is developed to simulate the reshaped intensity profiles for a 
100-fs pulse with various energy levels. Both temporal evolution and spatial intensity 
distribution of the pulse at the target plane of the beam shaping system are calculated. 
Numerical simulation shows that after passing through the beam shaping system, the 
pulse front is significantly curved due to the propagation time delay, and the pulse 
duration time through the target plane is broadened because of the group velocity 
dispersion. However, for relatively low energy pulses (on the order of millijoules), 
although the intensity distribution is changed considerably, the fluence top-hat profile is 
well maintained. This feature extends the application of this beam shaping system into 
the regime of ultrashort laser pulses. Theoretical calculation also shows the limit when 
the top-hat profile starts to degrade. For very high-energy laser pulses (>20 mJ per pulse), 
the homogeneous fluence profile, as well as the intensity distribution, is destroyed due to 
the non-linear self phase modulation.
This thesis also presents an experimental study of the beam shaping system for 
ultrashort high-power laser pulses. A terawatt CPA laser amplification system was built 
in order to verify the theoretical simulation in experiment. The laser amplification system 
adopts a multi-pass configuration. The output of this CPA amplifier is operating at 30 Hz 
repetition rate with a pulse energy of 20 mJ/pulse. The compressed pulse duration is 70 fs, 
resulting in a pulse peak power of 0.3 TW. Experimental results of the beam shaping 
system with ultrashort laser pulse input agree with the numerical simulation of the 
reshaped fluence profiles at various energy levels from 6nJ to 20 mJ. The experimental 
results confirm the validity of this diffractive beam shaping system for ultrashort pulses 
with a pulse energy on the order of millijoulses. While millijoule pulses are commonly 
used in the micromachining technology, the adaptability of this diffractive beam shaping 
system is greatly improved.
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Chapter 1
Introduction
Beam shaping technology has been studied for decades. In 1965, Frieden[l] 
discussed the lossless conversion of a single-mode Gausian beam into a plane wave of 
uniform irradiance. This is the first known study of lossless beam shaping problems. 
Kreuzer[2] patented a coherent light optical beam shaping system yielding an output 
beam of an arbitrary desired intensity[3] in 1969. After the earlier work of Frieden and 
Kreuzer, various optical beam shaping systems were developed to reshape the irradiance 
profile of a laser beam. Reflective beam shaping approach was studied by Herriott[4] and 
McDermit[5] using geometric optics methods. Rhodes and Shealy [6] developed a set of 
equations defining the surface shapes of two plano-aspherical lenses that redistribute a 
plane wave into a homogeneous intensity distribution. During the past decade, laser beam 
shaping technology has been widely used in many fields such as micromachining, optical 
lithography, material processing, optical data processing, medical procedures and many 
other applications.
A normal Gaussian laser beam can be reshaped into an arbitrary spatial profile 
depending on the beam shaping system. In many scientific and technical applications, a 
flat-top irradiance profile is especially preferred over other spatial profiles[7-9]. For 
example, in a holographic recording system[10] a top-hat laser beam can increase the
2
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recording efficiency significantly. Kley[l 1] has tested a holographic system for a more 
efficient hologram recording which can be used for full color application. The essential 
part in the setup is a refractive beam shaping element to convert a Gaussian beam into a 
homogeneous irradiance profile. Another example of the application of top-hat laser 
beam is in the Z-scan measurement technique[12-14]. The sensitivity of Z-scan 
measurements can be increased by a factor of 2.5 by using a top-hat beam in the 
measurement compared to the usage of a regular Gaussian beam [15]. Using a relay- 
imaged top-hat Z-scan technique[16] can further improve the measurement by 
eliminating diffraction fringes and therefore minimize spurious effects such as varying 
interference fringes.
Current studies of top-hat laser beam shaping, however, have always focused on 
continuous wave (CW) lasers. Beam shaping of ultrashort laser pulses (subpicosecond 
pulses) is also very important because of the many advantages o f short-pulse treatment in 
micromachining technology[17]. For example, in a hole-drilling process, the use of 
ultrashort pulses can minimize the heat-affected zone (owing to each pulse’s short 
duration time) without influencing the overall efficiency which is determined by the total 
energy of the pulse train.
A beam shaping system can use various types of optical components, e.g., 
reflective mirrors, refractive optics or diffractive elements including optical diffusers and 
beam integrators, to control the propagation properties of a laser beam, i.e. the irradiance 
distribution at a certain aperture and the phase profile of the beam at that position. By 
changing the laser beam’s propagation properties, a beam shaping system reshapes a 
normal Gaussian laser beam into a desired spatial intensity profile. The goal of this thesis
3
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is to study both theoretically and experimentally the reshaping of ultrashort laser pulses 
into a flat-top beam profile.
1.1 Field mapping laser beam shaping techniques
A trivial method to generate a top-hat beam profile is to aperture an expanded 
Gaussian beam (shown in Figure 1.1). The achieved flatness of the beam is at the 
price of the energy loss after the aperture.
expand
Figure 1.1. Aperture method to obtain a nearly flat intensity distribution.
Due to the disadvantage of energy loss, this method has very limited applications. 
It also creates diffraction rings which are a problem for some applications. Lossless 
beam shaping can be achieved with various optical approaches.
1.1.1 Reflective beam shaping system
A reflective beam shaping system usually consists of one or two aspherical 
mirrors[18] or even deformable mirrors to convert a Gaussian beam into a uniform 
distribution. The surface profile of the reflector(s) can be determined with 
geometrical optics. Ray-tracing method is an efficient way to simulate the beam 
shaping problem. The process of ray-trace formulation is to develop a set of
4
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differential equations expressing the law of reflection, conservation of energy and the 
condition of constant optical path length. McDermit and Horton[19] have developed 
the general ray-trace equations for the configuration shown in Figure 1.2.
F(R,
f(r)
*z
Figure 1.2. One-mirror beam shaping system, f(r)  is the mirror surface, and F(R) is the
receiver surface[20].
The geometrical configuration of the axis symmetric beam shaping system can be 
put into a r-z plane coordinate system. In the configuration shown in Figure 12, f( r )  is the 
mirror surface, and F(R) is the receiver surface, a and A are unit vectors of the incident 
beam and the reflected beam, respectively, n is the unit vector along the normal to the 
mirror surface at the point of reflection. The law of reflection requires:
A = a - 2n(a ■ n) . (1.1)
Let the incident beam propagate along the optical axis which coincides with the Z 
axis. Therefore, a = k, where k is the unit vector of the Z axis. The unit vector of the 
normal to the surface f(r) can also be expressed as the function of the derivative of the
surface profile: h = — 1—-  (-f ' r  + k), where f  is the unit vector along the r axis. Insert the
P+(/')2i2
explicit expressions of a and n into Eq. (1.1), the unit vector along the reflection beam 
can be rewritten as:
5
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This unit vector A can connect the reflecting surface and the receiving surface in 
the following equation:
A r 2 / ' ( r )  R - r
Az — [1 — / ' 2 (r)] F ( R ) - f ( r )
Eq. (1.3) describe the trace of one ray in the beam. As far as the ray bundle 
between any two surfaces intersecting the beam is concerned, the condition of energy 
conservation gives:
I l (r)27crdr = I 2 (R)27iR[dR2 + d F 2] u l  , (1.4)
where /,(>-) is the intensity profile of the beam incident on the mirror surface, and 
l 2 (R)  is that of the beam on the receiver surface. In most cases, / , (r)  represents a 
Gaussian laser beam profile.
Differentiating Eq. (1.3) with respect to r and incorporating the resulting equation 
into Eq. (1.4) gives :
dR I- /'2 , 2/' 
f "  1 / .  (r ) r  af  i+ i+
A—  = — —  ----- P  1+/----- 1} . (1.5)
/ '  R - r  12 (R) R
Eq. (1.5) gives the general ray tracing formula connecting the incident intensity 
profile /, (r) with the output beam profile / 2 (R) through the reflecting surface function f(r). 
Solving this differential equation will yield the surface profile of the mirror. Similar 
procedures can be performed to obtain the ray tracing equation for a two-mirror beam 
shaping system. Several specific solutions to Eq. (1.5) for a given source irradiation 
distribution and a desired receiver irradiation profile have been analyzed by McDermit 
and Horton[12][13]. For example, the reflective surface in a one-mirror beam shaping
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
system converting a cosine beam l ( r )  = cos^1 into a uniform receiver irradiation 
distribution is solved to have a profile shown in Figure 1.3.
- 2.0
- 1.5
1.0
- 0.5
O
0.60.2 0.4 0.6 1.0O
s
Figure 1.3. Reflective surface in a one-mirror beam shaping system converting a 
cosine beam into a homogeneous intensity distribution[19].
1.1.2 Refractive beam shaping system
A reflective beam shaping system, however, has to be used off axis in order to 
avoid any blockage in alignment. For a rotationally symmetric beam, a refractive beam 
shaping approach[20-24] is more convenient for a coaxial optical arrangement. Rhodes 
and Shealy[22] have developed the equations for a two-lens beam shaping system with an 
output of a top-hat beam profile. Ray-tracing method is used again to formulate the
equations.
(R.ZX
(r,z)
Figure 1.4. A two-lens beam shaping system converting a laser beam into a
uniform intensity distribution[22].
7
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Consider a two-lens optical configuration as shown in Figure 1.4. Let the incident 
intensity profile of the incident beam and the output beam be f ( r )  and F ( r ) , respectively. 
The law of energy conservation requires:
f i n  /.c0 f i n  f R a
[ f(r)rdrdQ = I [  F{r)rdrdG, (1.6)
JO Jo Jo Jo
where r0 and R0 are the radius of incident and output beam, respectively. Since the output 
intensity is constant over the cross section of the beam, the right side of Eq. (1.6) equals 
n F R l . Given the constant F, the radius of the output ray can be expressed as a function 
of the radius of the incident beam:
R = [ ~  f of(x)xdxp .  (1.7)
According to Snell’s law, the unit vector along the refracted rays is given by:
B = y A  +  Ciii, (1.8)
w here/ = — , A = k, Q = - r— + -■ -11 ^ , h = —z 1 , z '= -^^-,and  1 sn & k  are the
n o (i + z '2 y  (i + z '2 y  dr
unit vectors along x axis and z axis, respectively.
The unit vector B  connects the surface profiles of the first and the second lenses 
with the following relation:
:^  = — , (1.9)
2 - z  B z
where (r, z) and (R, Z) are the starting and the ending points of the ray transferred from the 
surface of the first lens to that of the second lens.
8
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Combining Eq. (1.8) and Eq. (1.9) gives:
z'4 [ r 2 { R - r ) 2 + { y 2 - 1  ) ( Z - z ) 2 ] + z '3 [ - 2 ( R - r ) ( Z - z) \  + z ’2 { - ( l - r 2 ) [ ( R - r ) 2 +  ( Z - z ) 2 ]}
+ z ' [ - 2 ( R - r ) ( Z - z ) \  +  ( R - r ) 2 = 0. (1.10)
If the incident beam is a plane wave, then in order to retain the same wave front 
when the beam passes through the beam shaping system, all rays must have the same 
optical path length as that of the central ray L central = n lt + ( Z 0 - t ) n 0 + n 2T  . The 
optical path length for an arbitrary ray is given by:
L =  «1z + « 0[ ( i ? - r ) 2 +  (Z  -  z ) 2 ] 2 + n 2[Z0 + T - Z ] .  (1.11)
Therefore, the constant optical path length condition requires: 
n1z +  M0 [ ( /? - r ) 2 + ( Z - z ) 2 ] 2 + n 2[Z 0 + T - Z Y = n 1t +  ( Z 0 —t)n0 + n 2T  (1-12)
Apply Snell’s law for the refracted ray c  in the same way as performed to obtain 
Eq. (1.10), the ray-tracing equation including Z' (R)  can be given by:
y2^ '{r-[l + z'2 (1-y2)]1} ^ 13J
1 +  z a - r 2y z a - Y 2\{ +  z '1 (1 - Y 1 ) ] 1
For a specific beam shaping problem, the solution to the surface profiles of the 
lenses can be obtained in the following procedure: (1) given the incident beam 
profile f ( r ) , one can solve the energy conservation equation (Eq. 1.7) to get R( r ) ; (2) the 
constant optical path length equation (Eq. 1.12) yields Z ( z ) ; (3) inserting these results 
into the ray tracing equation for ray B  (Eq. 1.10), the slope of the first surface z'(r)can be 
obtained. This result usually needs numerical calculation; (4) finally, from the result 
obtained in step (3), the slope of the second surface Z' (R)  can also be obtained by solving 
the ray tracing equation for ray C  (Eq. 1.13).
9
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For such a refractive laser beam shaping system converting a Gaussian laser beam 
into a homogeneous intensity distribution, Shealy[22] has solved the above equations 
numerically and obtained the surface profiles of the aspherical lens shown in Figure 1.5.
Z (LENS 2)
2 0  21 22  23
7 5
LENS 2
4.5
LENS I
2.5 3.5 
Z (LENS I)
4.5
Figure 1.5. Surface profiles of aspherical lenses in a refractive beam shaping 
system converting a Gaussian beam into a uniform intensity distribution[22].
It is very convenient to simulate reflective or refractive beam shaping systems 
with ray-tracing technique. Interference or diffraction effects are not included in the 
analysis. However, in practical applications, fabrication of such plano-aspherical lenses is 
not easy. Another way to obtain the same refraction but with spherical lenses is to make 
use of gradient-index glass materials. It has been demonstrated that the contributions of 
an axial gradient-index glass to the third-order aberrations are equivalent to those of an 
asperical surface[25]. Therefore, it can be used to.control the spherical aberration with 
equivalent effects as obtained by using aspherical lenses. Wang has designed a three- 
element gradient-index glass beam shaping system [26].
10
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1.1.3 Diffractive beam shaping system
Diffraction-based method is the most frequently used beam shaping approach. A 
diffractive beam shaping system consists of a phase element and a transform element. 
Similar to those in the refractive beam shaping system, the phase element can be an 
aspherical lens. But it is different from a refractive beam shaping element in that the
2  tc t* • R.diffraction-based design introduces a phase delay scaling parameter p  = ------1_ 2_ 5 where
.A
r, and R0  are the radii of the incident and the desired output beam, respectively. This 
scaling parameter will affect the output top-hat beam quality. Moreover, different optical 
parameters can share the same phase delay function as long as the combined values of p  
for the two sets of parameters are the same. This feature makes the diffraction-based 
design more flexible for different optical parameters.
A typical diffractive beam shaping system is shown in Figure 1.6 . The transform 
element in the figure can be a spherical lens which provides a Fourier transform relation 
between the input and output beam.
Dickey[27] studied a beam shaping system as shown in Figure 1.6 using Fourier 
optics. The beam shaping problem is defined as finding a certain phase delay function so 
that the wave front of a beam is curved due to the phase modulation and thus the energy 
within the beam will be redistributed to a given profile as traveling to the target plane of 
the beam shaping system.
11
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target plane
phase transform
element element
Figure 1.6 . A typical diffractive beam shaping system consisting of a phase element and a 
transform element. The target plane is at the focal plane of the transform element[27]. 
Let E (jg ( x  /  y , y  /  y ) b e  the incident field, where r, is the beam radius. U t ( x , y )  is the 
field distribution after the phase delay element, i.e. the input field to the Fourier lens with 
focal length f .  Therefore,
U i ( x , y )  = E 0g ( x / r ^ y / r i ) e x p i W ( x / r i , y / r i )] , (1.14)
where p<j>(xIrt , y  I r t ) is the phase delay function caused by the phase element.
Using the wave theory o f light, the field distribution at the focal plane z  = z 0 can 
be given by the Fresnel approximation[28]:
J /co j«o 2tT 1 Z(\
U (x f , y f ) = e x p ( iV o )——  U , ( x , y ) c x p { - i - — [xx f  + y y  f l) (x  + y  )]}dxdy,
i A z a J-® a z q  2 /
(1.15)
where y/0 = - ^ — {x 2f  + y 2f  +2z?} ) is a constant phase factor, x f  and y  f  are the coordinates in
Azq
the plane z  =  z 0 .
Inserting Eq. (1.14) into Eq. (1.15), and after arrangement, the output field 
distribution at the focal plane of the Fourier lens can be rewritten as:
U(cox ,co ) = E ° exp^ ¥ o ^ ‘ f° f° g ^ , r j ) e ^ p { i [ ^ ( 4 , T } ) - 4 ( o x— j]w ]}d4dT],  (1.16)
IA Z Q J-«o J-«o
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where cox = x f  / R 0 and coy = y f  / R 0 are the normalized radius in the target plane.
Given an incident field #(£,77) and the desired output field U(a>x ,coy ) ,  the phase
delay function can be obtained by solving Eq. (1.16). Dickey solved the Equation for a 
beam shaping system converting a Gaussian beam into a top-hat profile, and the resulting 
phase delay function is given by[27]:
m  = Z e r f t f )  + 1  e x p (-£ 2) - 1 . (1.17)
Here the phase delay function is a one-dimensional function because Eq. (1.16) is 
a separable problem. The phase delay function (1.17) is plotted in Figure 1.7. 
Hoffnagle[29] gives a new derivation of the above phase function using paraxial 
approximation, and obtains the identical phase function as expressed in Eq. (1.26). The 
identity demonstrates the equivalence, in the paraxial limit, of two different methods of 
solving the beam shaping problem.
0.0 0.5 1.0 1.5
0.8
0.6
0.40.4
0.2
0.0
0.0 0.5 1.0 1.5
Figure 1.7 Phase delay function </>(£) that turns a Gaussian beam into a top-hat profile[27]. 
1.2 Beam integration techniques
Besides the field mapping beam shaping approaches, another major class of beam 
shaping techniques is beam integration method. This category includes two major
13
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techniques: multi-aperture beam integrators and diffractive beam diffusers. The latter 
technique can be viewed as a more general case of the former one.
1.2.1 Multi-aperture beam integration approach
Geometrical optical methods can be applied in solving beam shaping problems in 
which the mode of the incident beam is well defined, such as a TEMoo mode of a 
Gaussian irradiance profile. When the incident beam has a multi-mode intensity 
distribution, the calculations based on geometrical optics as discussed in the previous 
section would be much more complicated. In such cases, a multi-aperture beam 
integration approach is more desired. Brown [30] has patented a multi-aperture beam 
integrator producing a continuously variable complex image.
A diffracting multi-aperture beam integrator is illustrated in Figure 1.8. This beam 
shaping system consists of a subaperture array component and a primary lens which 
overlaps the beamlets from each subaperture.
Figure 1.8. A diffracting multi-aperture beam integration system[17].
The incident beam with diameter D is segmented by the lenslet arrays into an 
array of beamlets. In the target plane which is located at the focal plane of the primary 
focusing lens, the total amplitude of the output beam is a Fourier transform of the 
beamlets generated by the subapertures. Assuming the amplitude of the beam is uniform
14
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over each subaperture, and each beamlet has a uniform phase front, that is, the beam is 
spatially coherent over each lenslet aperture, the target spot will have an approximate 
flat-top intensity as long as the number of the subapertures is large enough.
The /-number of the subaperture lens is defined as ~ , where /  is the focal length
of each subaperture lens, and d the diameter of the subaperture. Using Paraxial 
geometrical optics, one can obtain the following relationship between the target spot size 
S, the focal length of the primary lens F  and the/num ber of each subaperture lens:
This relationship can be used to determine the geometrical configuration of the 
beam shaping system[31]. The number of the lenslets can be approximated by (~)2 .
Deng[31] has performed experimental study for uniform illumination of large targets 
using a lens array. Figure 1.9 shows the effect of the multi-aperture beam integration 
system.
Figure 1.9. Effect of a multi-aperture beam integration system: (a) two-dimensional 
intensity distribution on the target without the lenslet array, and (b) one-dimensial 
intensity distribution in the target plane with the lenslet array[31].
15
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Since the beam source is coherent, the interference effect needs to be considered. 
The field at the target plane is given by the sum of the coherent diffraction from each 
subaperture :
M , N
E ( x , y ) = ^ [ A m„ ex p ( i ( k ( a mx +  P „ y )  + 6 m„ ) ) )F(x , y )  , (1.19)
0,0
where Amn is the amplitude of the beamlet field, a m and p n are the direction cosines 
of an arbitrary beamlet, 0 mn is the phase of the beamlet, and F ( x , y )  is the Fourier 
transform of the aperture function. The spatial period of the interference pattern is given 
by £ ,  where a  is the angle between adjacent beamlets. In order to make the interference
pattern fine enough so that it can be neglected in the application, the value of a  must be 
sufficiently large. When this condition is met, the intensity distribution in the target plane 
can be approximated as:
M , N
I { x , y ) = ' £ u\Amn\2 \ F ( x , y f  . (1.20)
0,0
The subaperture array can also be reflective, Dickey and O’Neil has studied a 
multi-faceted reflective beam integration system[32],
1.2.2 Band limited optical diffuser beam shaping technique
Band-limited optical diffuser beam shaping technique is a far field beam shaping 
method. This approach has the advantage of being insensitive to the shape and alignment 
of the input beam, and therefore has wide application in systems where the input beam 
quality or the alignment of the optical system is not sufficient for other beam shaping 
techniques. Tommasini[33] applied the Yang-Gu algorithm[34][35] for phase-amplitude
16
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retrieval to the general problem of beam shaping through amplitude masks. Brown[36] 
discussed in detail about the design of binary diffusers used for beam shaping purpose.
A diffractive diffuser works in this way: it introduces a spatial structure to the 
phase front of a laser beam. As the beam propagates, the interference within the beam 
caused by the spatial frequencies in the phase will result in a redistribution of the energy 
in the beam. The spatial pattern of the diffuser determines the final irradiance profile in 
the target plane.
Brown[36] has demonstrated that the field of a traveling optical wave at a 
distance from the diffuser is simply the convolution of the spatial frequency structure of 
the phase and the amplitude of the beam propagating the same distance. The procedure of 
designing a diffractive diffuser is as following:
(1) Randomize the desired intensity distribution by multiplying the intensity 
profile by a random function.
(2) Perform inverse Fast Fourier transform (FFT) on the randomized intensity 
profile function obtained in setp (1).
(3) Truncate the phase of the inverse transform function to obtain a binary phase 
function.
(4) Obtain the binary pattern of the phase structure in the diffractive diffuser.
(5) Use scalar wave theory to simulate the intensity of the beam propagating to 
the target plane.
A diffractive diffuser beam shaping element converting a Gaussian beam into a 
ring of laser light can be designed following the above procedure[36]. The binary phase 
structure for the ring diffuser is shown in Figure 1.10. This pattern resulted from a high-
17
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frequency randomization of the desired amplitude function. It is the randomization 
process that provides the system with the advantage of being insensitive to the alignment 
and the input beam quality.
Figure 1.10 Binary phase structure of a diffractive diffuser converting a Gaussian 
laser beam into a ring shape[36].
With scalar wave theory, the intensity distribution at the target plane can be 
simulated for the transmitted beam through this diffractive diffuser. Figure 1.11 shows 
the simulation of the irradiance profile at the target plane of the ring diffuser beam 
shaping system.
Figure 1.11. Intensity profile at the target plane of the ring diffuser[36].
18
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A lot of speckles can be seen in the output ring pattern shown in Figure 1.8. These 
speckles originate from the interference of the coherent beam. Discussion on the speckles 
can be found in Refs 37 and 38. This speckle characteristic of diffusers is the major 
drawback of diffractive diffusers used in the beam shaping technology.
1.3 Scope of this dissertation
In the course of this dissertation, I performed theoretical and experimental studies 
on the spatial beam shaping of high-power ultrashort laser pulses passing through a 
diffractive irradiance redistribution system.
Theoretical simulation of pulsed laser beam shaping: spatial beam shaping study 
is extended to the regime of high-power ultrashort laser pulses. A theoretical model 
describing the spatio-temporal evolution of a femtosecond pulse propagating through a 
diffractive beam shaping system is developed. Numerical simulation shows that the 
Gaussian-flattop beam shaping system originally developed for Continuous Wave laser 
beams can work well with ultrashort laser pulses when the pulse energy is relatively low 
(<10 mJ). At higher energy levels, however, when the nonlinear self phase modulation 
effect is taken into account, the top-hat profile is gradually degraded until diffraction 
rings appear at extremely high energy level (~100 mJ).
Terawatt laser amplification system: a Chirped Pulse Amplification (CPA) laser 
amplifier system has been built up. The output pulse energy reaches 20 mJ with a pulse 
width of 73 fs. This brings the peak power of the pulse into the terawatt range. The 
amplifier system is seeded by a 80-MHz, 450-mW Ti:Sapphire laser, and pumped by a 
30-Hz, 24-W Nd:YAG laser. It consists of a reflective one-grating pulse stretcher, an
19
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eight-pass preamplifier, a four-pass power amplifier and a two-grating hybrid pulse 
compressor.
Experimental study of ultrashort laser pulse beam shaping: Experimental 
verification of the theoretical simulation is performed at various energy levels using the 
beam generated from the CPA laser amplifier system. Output spatial intensity profiles are 
captured. The intensity profiles are fitted with the results obtained in the numberical 
simulation. Experimental results show good agreement with the theoretical calculation.
20
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Chapter 2
Beam Shaping System
This chapter describes an optical beam shaping system which uses diffractive 
optical elements to reshape the Gaussian beam profile into a flat-top distribution. A 
theoretical model is developed for high-power ultrashort laser pulses passing through the 
beam shaping system. Section 2.1 gives a brief introduction to the theory of wave 
propagation and diffraction, especially the Stationary Phase approximation and the 
Fresnel propagation approximation, which are necessary for the modeling of the beam 
shaping system. The mathematical model is presented in section 2.2. The case of high- 
power laser pulse input is also considered in the theoretical model. Section 2.3 describes 
various nonlinear optical effects and their significance in an optical system. The Self 
Phase Modulation effect is the most important nonlinear optical effect and it is therefore 
included in the theoretical model. The diffraction integral including self Phase 
Modulation effect is discussed in section 2.3.
Next, the experimental setup of the beam shaping system is described in section 2.4. 
This section shows the optical layout of the beam shaping system. Fabrication of the 
phase delay element is first discussed since it is the core element in the beam shaping
21
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system. The beam size control and beam diagnostic system are described following the 
discussion of the phase delay element fabrication.
2.1 Theory of wave propagation and diffraction
The process of wave propagation and diffraction can be described by the 
Rayleigh-Sommerfeld diffraction integral. The amplitude of a wave UA at an observation 
point A(xa,yA,ZA) (see Figure 2.1) is given by[39]:
u  a (xa ^ a ^z a )=  \ u  o (*> y $ ) p (x A - x , y A - y ’z A xdy » (2- 0
where P ( x A - x , y A - y , z A) = - ^ - ~ { ^ ^ - )  , and r = [(xA - x ) 2 +  ( y A - y ) 2 + Z 2A ]> is
2 n  o zA r
the distance between the observation point A and an arbitrary point (x,y,0) in the aperture 
plane. Function P ( x A - x , y A - y , z A) is called a propagator. When r is sufficiently large, 
P ( x A - x , y A - y , z A) can be approximated in several different ways. The Fraunhofer 
approximation[40] and the Fresnel approximation^ 1] are the most frequently used 
approximations. In our beam shaping system, the Fresnel approximation is used to 
describe the beam propagation in free space. This will be further discussed in the
following section.
0(x.
Figure 2.1. Geometry for the Rayleigh-Sommerfeld diffraction integral. A (x A, y A , z A) is 
the observation point, and 0(x,y, 0) is a secondary wave source in the aperture plane.
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Diffraction integrals always have the form /(*)= J/(0-exp(z>(0-*>& which we
call “Generalized Fourier Integrals”. As x-»oo, the exponential term in the integral will 
be a fast oscillating function. If the variation of function f(x) is much smaller than that of 
the exponential function, we can use the Stationary Phase Method[42] to evaluate the 
diffraction integral with greatly reduced computation load. As an asymptotic method, the 
stationary phase approximation is a very important technique in the theory of wave 
propagation and diffraction.
2.1.1 Fresnel Approximation
According to Huygen’s principle, each point (x,y,0) in the aperture plane may be 
considered as the source of a secondary wave, and the sum of all these secondary waves 
gives the diffracted field at a target point. The contribution of each source point can be 
expressed by a point spread function as shown in Equation (2.1). For an observation 
point A(xA,yA,zA)  far away from the light source, the radiation pattern of the
1 5 cxd ikrpropagator P ( x A - x , y A - y , z A) = ---------- (—-— ) can be approximated in different ways
2 n  8z a r
depending on the far field condition, then the propagator can be rewritten as[41]:
1 d / exp ik r s _  z A ik 1
'  2 3r  r
P ( x A - x , y A - y , z A) = - — ~ - —  ( ) = -  —  (—  — - )  exp (ikr). (2.2)
2 n  oz a r  2 n  ~z ~
In a moderately stringent condition, the distance r  = z A l + — — x— can
be replaced by its Taylor series, truncated after the quadratic terms:
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After inserting Equation(2.3) into Equation(2.2), the propagator becomes:
P (x A - x , y A - y , z A) =  ——  exp (ikzA) exp (ik
(.xA - x f + ( y A - y )2 ^
(2.4)
This approximation is referred to as the Fresnel approximation. Another way of 
reaching the same result is to use the small angle approximation, that is, the angle of the 
observation point with respect to the optical axis is relatively small. Using the angular 
spectrum of the field, we can obtain exactly the same expression as Equation (2.4).
2.1.2 Stationary Phase Approximation
For an integral of the form f(x)= jf(t)-exp(iy/(t)-x)dt, where the phase function
expOXO-x) is fast oscillating, small changes in y/(t) will lead to a full cycle of oscillation. 
If the amplitude function f ( t )  is relatively smooth, the contribution of the integrand over 
these regions is essentially zero to the value of the integral. However, if y/'(t) vanishes at 
some points where exp(iy/(t)-x) oscillates less rapidly, the contribution of the integrand 
near these regions to the value of I(x) will be nonzero. These stationary points give 
dominant contributions to the integral.
If t = t0 is a stationary point, the function ^(r)can be expanded into a Taylor series 
around this point, and the series can be truncated after the second order term:
iKO = v ( t Q) - - ( t - t 0 ) 2y " ( t 0 ). (2.5)
After inserting Equation (2.5) into the integral, I(x) can be approximated as:
I (x)  ~  f ( t 0) exp(zy/( t0 ) • x)  Jexp(z \ y / ' '( t0 )(t  - 10 f  ■ x)dt, (2 .6)
24
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
where f ( t0)  is moved out of the integral since the dominant contribution comes from a 
region very near to the stationary point to, and therefore the value off(t) is approximately 
constant.
With this approximation, the integral can be solved analytically as[43]:
where the sign in the second exponential function follows the sign of the second 
derivative of y/{t) . This Stationary Phase approximation can be easily carried over to 
higher-dimensional integrals. In a two-dimensional integral, for example, the 
approximation gives:
Hessian of the function y/(t, s ) .
2.2  Modeling of ultrashort pulse beam shaping
Among various laser beam shaping approaches, the diffractive beam shaping 
technique is the most widely used method. The schematic of a typical diffractive beam 
shaping system is shown in Figure 2.2. This system consists of a beam expander, a phase 
delay element and a Fourier lens. For a monochromatic wave, this beam shaping system 
works as follows: a laser beam is expanded to the desired input size by the telescope, then 
it passes through the phase delay element where the wave front of the laser beam is 
curved in an aspherical manner. After being focused by the Fourier lens, the laser beam 
can form an arbitrary intensity profile in the target plane depending on the wave front
I (x )  ~  f ( t 0 ) exp(/ if/(t0 )- x)  exp(± - f ) (2.7)
I {x )  ~ f ( ‘o , s 0 ) exp( ixy/( t0 , s 0)) JJ exp(; y  x'V'' (t, s ) )dtds , (2 .8)
where T'T^j)
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
pattern at the output of the phase delay element. In other words, given a desired output 
beam profile (top-hat profile, for example), one can find a specific phase delay function 
such that the intensity distribution in the target plane is the desired profile.
Zf.
2  &
© r<
t o
telescope phase delay Fourierelement lens
target
plane
Figure 2.2. A typical diffractive beam shaping system
In the view of geometrical optics, the input beam consists of collimated rays with 
a transversal density of Gaussian distribution. When the rays encounter the phase delay 
element and the focusing lens, they will be bent to form a given irradiance distribution in 
the target plane. Figure 2.3 shows the Geometrical optics representation of the beam 
shaping process. In this figure the intensity profile in the target plane is a homogeneous 
distribution as an example.
Figure 2.3. Geometrical optics representation of the beam shaping process[44]
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The form of the phase delay function corresponding to a top-hat output profile can 
be deduced with this geometrical optical method. I in(4 ) is the intensity of an incident 
beam with a radius rt , where 4  is the normalized radius in the incident aperture.
l nur the intensity profile of the output beam with a radius R0, where a is theRn
normalized radius in the target plane, and A \  is a scaling constant. The phase delayRo
function caused by the beam shaping element is given by <j>(4). When an originally 
collimated ray encounters the optical element at position (4  r , , 0 ) , it will be bent and then 
propagates to the position (R0 a , f )  in the target plane—the focal plane of the Fourier lens
with a focal length of / .  The conservation of energy requires:
2
r ( r / r0 )rdr  = [  I out(R / R0)RdR.  (2 .9)
kn R l  M i
After transformation of variables, this equation can be written as:
( r ) rdr  = A £  I out (R )R dR . (2.10)
A differentiated form of the above equation is given by:
A o d ou, ( a ) ~  = 4 I in(k)-  (2.11)
d£
For a beam shaping system to reshape a Gaussian beam into a top-hat profile,
s2 . [1 w h e n \ a \ < \  _.T . .  .  . . J j t  ,
I (<?) = « 5 and i out ( a )  = { • Normalization of the energy requires A = — , and
0 when \a > 1 2
Equation (2.11) becomes:
d a(g )  2 e x p K 2) . (2.12)
27
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
The solution of this equation is a ( p )  = e r f ( p ) , where e r f (£ )  = —.L  f  exp(-x2)<&is the
V K
error function. In geometrical optics, Fermat’s principle requires that = «(*).
d£
Therefore, the phase delay function can be determined by solving the
equation = e r f ( p ) . The solution to this equation is given by[44]:
d%
m  = ~ ^ e r m  + i  exp(-<f 2 ) ~ . (2.13)
This phase delay function will curve the phase front of the beam in such a way 
that when the beam travels to the target plane, a top-hat intensity profile will be formed. 
0(£) is expressed as a function of the normalized radius £ in the incident aperture. It can
2 t z y  ■ Rbe multiplied by a scaling factor p  = — —  without changing the property of the phase
fX
delay function. This scaling property allows the system with a phase delay function 
P</>{£,) to work for various optical parameters as long as the two sets of parameters have 
the same value of p , that is, the same phase delay function p<j>(%) can be used for a new
beam shaping system with a desired output radius R0 ' and focal length
/'provided R 0' / f '  = R 0 / f .
In order to evaluate the spatio-temporal intensity distribution over the target plane 
of an ultrashort laser pulse passing through this diffractive beam shaping system, we trace 
each spectral component of the pulse. Each monochromatic component will experience a 
phase delay when traveling through the phase delay element and the Fourier lens. When 
they reach the target plane, the complex amplitude of all spectral components are
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superpositioned using inverse Fourier transform. In this way, the spatio-temporal profile 
can be obtained.
The electric field of the incoming laser pulse can be written as:
E m(r ’ t) = E 0 e x p ( - ^ j ) e x p ( - £ ^ ) exp(/Q0O , (2.14)
where e x p (-^ j)  and ex p (-^ -) are the spatial and the temporal Gaussian profile, 
respectively. 2rt is the Full Width at Half Maximum (FWHM) of the laser beam, 2 r; is 
the pulse duration time and Q 0 is the carrier frequency.
The Fourier transform of E in( r , t ) gives the frequency spectrum of this pulse: 
Ein(r,n) = F{Ein{r,t)} = E0exp(-£F)exp(-(Bf L)2) , (2.15)
where 5 is the band width of the spectrum. Therefore, at the target plane ( z = zf , shown 
in Figure 2.2), the complex field as a function of radius rf  for each frequency component 
is given by:
E{rf , z f , a )  =  f  |X „  (r,  Q) • exppTpd (r,  f i ) ]  • exp ( - i k  ^ — ) ■ — —^  exp(ikzf  ) expp'A: — — ]dr,  (2.16)» • 2j IAZj 2z y
where t p* ( r ,Q )  is a frequency-dependent phase delay function caused by the beam 
shaping element. The exp (- i k  j j )  term is the phase delay caused by the Fourier lens, and
2 ^   ^
the  exp(ikz f  ) e x p [ ik — --------- ] term in the integral is the Fresnel approximation as
iAz y 2 Zy
discussed in section 2.1.1. We use this approximation to describe the propagation process 
of the pulse traveling from the beam shaping system ( z = 0 ) to the target plane ( z = zf ) in
free space.
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Next, we need to specify the mathematical form of the frequency-dependent 
transmission function Tpd(r,Q). For a single frequency Q0 , a top-hat profile can be
obtained with the following phase delay function :
Tpd (£) = Serf {!;) +± exp(-£2) -  ± ]. (2.17)
Here radius r is replaced with normalized radius £ = f .  Given the phase delay
function, the surface profile of the beam shaping element can be determined. In order to 
obtain the surface profile function, the phase delays in the beam at two different positions 
are compared. Figure 2.4 shows the geometry of the beam passing through the phase 
delay element:
f If Iff
i i i
e-(
I
I
Figure 2.4. Phase delay in different regions of the beam passing through the beam
shaping element
Suppose the laser beam’s wave front is flat before entering the beam shaping 
element. When emerging from the beam shaping element, beam A will have a relative 
phase delay with respect to beam B due to their different traveling distance within the 
optics and in air.
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At surface III, the phase of beam A and beam B are <j>w_A =</>! + I n d and
4 u i- b  = <t>i +?£HL+27I(d ; respectively. Therefore, the relative phase delay between
A A
beam A and beam B can be obtained as:
: 0 III-b  ~  fi l l l-a  ~
2n(n  -1 ) ;  
A ' (2.18)
By comparing Equation (2.18) with the phase delay function in Equation (2.13) 
given in section 2.2.1, one can get the surface profile of the phase delay element:
m = x - e m  l (2.19)
2 n(n  - 1) 2 n(n  - 1)
This surface profile is plotted in Figure 2.5 as a function of the normalized radius 
in the beam shaping element. In this calculation, The value of the scaling factor /.3 is 
chosen to be 32. When the value of p  increases, the surface profile will become even 
sharper.
£i
co(0<uc
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Figure 2.5. Surface profile of the beam shaping element as a function of normalized
radius
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Now that the surface profile t(g) of the phase delay element is determined, one
can write out the frequency-dependent phase delay function Tpd(Z ,Q )  as:
Tpd ( f  Q) = exp { - i [ k m (Q) • t(&  + kv (Q)ft(O) -  r(f))]}, (2.20)
where km and kv are the wave vector of each frequency component in the medium and in
vacuum, respectively.
The dispersion relationship of the optical medium is given by:
M Q )  = M Q 0) + M Q 0) ( Q - Q 0) + i M Q 0) ( Q - Q 0) 2 +••• (2-21)
Inserting Equation (2.21) into Equation (2.20), and after arrangement, the
expression for the frequency-dependent transmission function is obtained:
e x p [ /T rf ( f  Q)] -  e x p [ - iT  d ■ exp [ - i k m' (Q 0 ) • t ( £)  ■ (Q -  Q 0 )]
Q 0 - Q 0 -n ( Q 0)
• e x p [ - I ^ m" (f i0) - f t « - ( ^ - « o ) 2]- (2-22)
Applying this expression into Equation (2.16) yields the complex amplitude of 
each frequency component at the target plane ( z = zf ):
E(gf , Q) = J*£0 e x p ( - i f 2) e x p ( - ( ^ ) 2 )
. e x p H ^ ( f Q 0) ^ ^ ]
■exp[^m'( Q 0) . f t f ) ( Q - Q 0)] (2.23)
■ e x p [ - i il m" ( Q 0) . f t ^ ) ( Q - Q 0 ) 2 ]
■ exp(ikvz f ) exp(i*v .
This integral can be converted from frequency domain to time domain using the 
inverse Fourier transform:
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Etff ,t)= jX  e x p ( -y^2)e x p ( - ( - ^ ~ ) 2)
. e x p H V ( ^ O 0) ^ » I ]
• exp [ikm' (Q0) • t(4W -  n0)] (2-24)
' ex p [-  j  ikm "(Ci0)- t (^) (Q  -  Q 0 ) 2 ]
• exp( ikv z  f ) exp(ikv — ) exp(/Q/)^<f .
Next, one can insert the mathematical expression of Tpd(^,D,0)given in Equation 
(2.13) into the above integral, and make a substitution of t ' = t - ^  for t ,  where 
t' represents the local time at the target plane. The final result is then given by[45]:
Etff ,t')= jX  e x p ( - ^ 2 ) e x p ( - ( ^ ) 2 )
•exP
■exp[i*M’( « o ) - ^ X « - « o ) ]  (2-25)
■exip[-±ikm' ' ( n 0 ) . t ( Z ) ( Q - n 0 ) 2 ]
• X 7  exP(^v X 7 ) exP('Q/l •
2. 3 Nonlinear optical effects
The discussion in previous sections does not include any effects caused by the 
material's nonlinear properties, which could be essential when the intensity of the pulse 
becomes extremely high. The effect of the linear susceptibility %(1) is included through 
the refractive index. For those materials with inversion symmetry at the molecular level, 
the second-order susceptibility %<2) is zero. The lowest-order nonlinear effects in glasses 
originate from the third-order susceptibility . Derived from Maxwell's equation, the 
Nonlinear Schrodinger Equation (NSE)[46] can be used to study the nonlinear effects of 
a pulse propagating through an optical material:
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A w
where D -  is the dispersion operator, and p  = %(3)(w0)\a \2 A is the
n=2
nonlinearity of the material. This equation includes higher-order dispersion effects
A «
(D  = ^ 7  &„(*■§•)" ), spatial-time coupling (10 + v i )  and several nonlinear effects
n=2
such as self-focusing, pulse splitting, self-steepening, shock wave formation, etc.
Using the expression p {r )  = 'i[x (-i \c o 0) + ^ - i - § y l [ A \2 A , Equation (2.26) becomes the 
pulse propagation equation:
+ ^  +2/*o lfr + 2*0 b]A(r,t) =
K  }[1 +  (2 +  — j -  J L - W  2 A  (2.27)
Z ( ) ( ® o)  d w  a o d T  1 1
Some characteristic lengths can be defined to estimate the distance over which
each of the terms in Equation (2.27) becomes appreciable. The diffraction length and the
2 /dispersion length are given by l dif = \ k ()w l  and l dis = t  /  , respectively, where w 0 is
/ r  2 1
the incident beam radius, T  is the pulse duration time, and k2 is the second-order 
dispersion coefficient of the optical material. The nonlinear length can be defined as 
Lnl = ■ Using this nonlinear length, we can estimate the significance of nonlinear
optical effects for a given physical situation.
Self-phase modulation (SPM) [47] is a nonlinear optical effect that as a laser 
pulse is traveling in a medium, a varying refractive index of the medium will be induced 
due to the optical Kerr effect. The variation in refractive index will produce a change in 
the phase of the optical pulse. The nonlinear refractive index of an optical medium can be
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characterized by n ( l )  = n0 + n 2l  , where n0 is the linear refractive index, and n2 is the 
second-order nonlinear refractive index of the medium. For a time-dependent intensity 
l( t) , the phase shift of the transmitted pulse is given by <j>NL (t) = - n 2i(t)co0L /  c , where L is 
the beam path length.
The significance of other propagation effects can also be estimated by considering 
their characteristic lengths[48]:
■ third-order dispersion length: LT0D = T/ k \,
where k3 is the third order dispersion coefficient;
■ nonlinear self-phase modulation length: L SPM =
■ self-steepening length: Lss =  - g - ,«2 I
■ Raman length: l r = y- l N! ,
where n2 = ^  Re( ) is the nonlinear-index coefficient, 
and l +
In BK7 glass material used for the beam shaping element, k3 = 3 2 4  /.r 3 1 cm . For a
100-fs pulse, the propagation length of the third order dispersion is 30 m, therefore, it is
only necessary to consider the first- and the second-order dispersion. The nonlinear 
susceptibility of BK7 glass is ^ (3) =3x10“22tw2 / V 2 , and the nonlinear index coefficient is
n2 =  3 . 7 1 1  x io ^ 20 m2 j w . For a 1-mm beam propagation length (the thickness of the beam 
shaping element’s base is 1 mm), the self-steepening effect will not be significant when 
the peak power of the pulse is below 0 . 8 x i o l4« / / c w 2 . However, the nonlinear self-phase 
modulation effect will not be negligible when the pulse peak power reaches
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3.8x10n W / cm2. The Raman scattering time for BK7 glass is only 3 fs , and therefore it 
can be neglected
Self-phase modulation is dominant among all the nonlinear effects based on the 
characteristic length of each nonlinear optical effect, and it is therefore incorporated into 
the beam shaping simulation. SPM will introduce an intensity-dependent phase shift 
given by:
xl/ N L = n i \e \ k 0L ,  (2.28)
where n2 -  is the nonlinear-index coefficient, and L is propagation length.
Since this propagation length depends on the radius of the optical elements in the beam 
shaping system, the SPM phase shift will introduce a radius-dependent distortion of the 
pulse wave front, and therefore influence the final intensity distribution. The SPM phase 
shift is added to the diffraction integral in Equation (2.25), and the final intensity profile 
of the laser beam is given by[49]:
E(tf ,O=jjE0 exp(-i-<f2)exp(-(^V )
• e x P
•exp[/V(Q0M £>(Q-Q0)] (2-29)
1 exp[- j ikm " (Q0) • -  Q0 )2 ]
• exp(-*lv expftQr)
•exp (iy/NL)dCld^ ,
where t is the local time at the target plane. This equation includes the nonlinear self­
phase modulation, as well as the first and the second-order dispersion of the laser pulse.
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2.4 Experimental setup
2.4.1 Fabrication of multi-level beam shaping element
Equation 2.19 gives the surface profile of the phase delay element:
2  • $ e r m  + 1  e x p ( - £ :2) -  ± ]
2 7t(n - 1)
However, the surface profile expressed in this equation contains both exponential 
and error functions, which is very difficult to achieve in the fabrication process. A 
polynomial fitting is therefore necessary to reduce the complexity of fabrication. The 
form of polynomial fitting of the phase function ^(|) is given by:
where a, (i  = 2 ,4,6 ,8,1 0) are the coefficients of the power series:
a 2 = 4 .7 3 9 7 4 x l0 _1 
a 2 = - 5 .5 0 0 3 4 x l0 -2 
a 2 = 4 .9 9 2 9 8 x l0 -3 
a 2 = -2 .3 7 1 9 1 x l0 -4 
a 2 = 4 .4 1 4 7 8 x l0 -6
With the coefficients of the 10th order polynomial fitting of the phase function, 
the surface profile of the phase delay element can also be fitted. Figure 2.6 shows the 
profile of the phase delay function calculated from Equation (2.19) and the curve of the 
10th order polynomial fitting function. Comparison of the two curves indicates that the 
lOth-order polynomial series fitting curve agrees very well with the theoretical curve of 
the phase delay function.
m  = a 2<r2 + a 4f 4 + a 6f 6 + a 8f 8 + a 10f 10 + ... , (2 .30)
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Figure 2.6. Comparison of the theoretical curve and the 10th order polynomial fitting 
of the phase delay function. The dots represent the theoretically calculated, phase delay 
profile, and the solid line is the 1 0 th order polynomial series expansion of the phase delay
function.
As the distance from the center of the beam increases, the phase delay also 
increases monotonically. At a certain radius, it will reach 2n . Therefore, the phase 
function can be shifted by i n . And the corresponding thickness of the phase delay 
element can also be reduced by A- •J n- 1
The phase delay element is fabricated with grey scale photolithography technique. 
Phase levels of the diffractive optical element are generated as grey levels on the optical 
glass. After being exposed to the writing laser beam (the intensity of which determines 
the grey scale of the illuminated area on the optical element), the optical glass is etched in 
0.6% HF liquid. In this way a pre-designed 3-D microstructure can be produced. The 
optical material used to fabricate the beam shaping element is BK7 glass. The phase 
delay pattern is designed for an incident beam of 5 mm radius. The overall diameter of 
the optical element is 25.4 mm, and the thickness of the glass base is 2 mm (the same
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thickness was considered in the theoretical simulation of the beam propagation through 
the beam shaping element). The fabricated step structure of the phase delay element is 
shown in Figure 2.7.
4.0
3.5
~  3.0 
3  2.5
tn
3 2.0 
% 1-5
0.5
0.0
radius (mm)
Figure 2.7. Surface profile of the phase delay element designed for p  = 32 . The 
smooth curve is the theoretical surface profile, compared with the fabricated step
structure.
2.4.2 Beam size control and profile diagnostic systems
Besides the phase delay element, the beam shaping system also includes a Ti:sapphire 
oscillator, a high-power CPA laser amplification system, a continuous beam expander, a 
Fourier lens and a beam diagnostics CCD camera. The final result is analyzed with beam 
diagnostic software compatible with the CCD camera. Figure 2.8 shows a schematic of 
the optical setup.
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Figure 2.8 Experimental setup of the beam shaping system consisting of a laser beam 
source, a CPA laser amplification system, a beam shaping setup and a beam diagnostic
system.
A Ti:sapphire oscillator and the following CPA laser amplification system serves as 
the laser beam source in our experiment. Detail description of the CPA laser amplifier is 
presented in the next chapter. It is a two-stage multi-pass laser amplification system: an 
eight-pass preamplifier and a four-pass power amplifier. The two amplification stages are 
independent modules, and this feature allows us to study the beam shaping system with 
different energy levels. On the one hand, we can use the final output laser beam from the 
four-pass amplifier to study the high-power beam shaping system. On the other hand, the 
output from the eight-pass preamplifier with a relatively low energy level can be 
switched into the pulse compressor directly, skipping the four-pass power amplifier. So 
we can use the compressed eight-pass output to study the beam shaping system, as well.
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A beam expander is used to adjust the beam size to the required input diameter. 
At a lower energy level, we use a continuous beam expander (Linos Photonics, 4401- 
256-000-20) with variable magnification factor ranging from 2 to 8 . The beam expander 
includes a zooming group and a focusing group. With setting values of the focusing ring 
and the zoom ring, a collimated expanded beam can be obtained. Figure 2.9 shows the 
structure of the beam expander.
Zoom ring (Scale 2) Focusing ring (Scale 1)
Entrance group 3
Groove
149.1 Position for r  =  2x
'  Position for r  = 2x Focusing and zoom rings in position for r' = 8x convergence correction
Figure. 2.9. Beam expander with variable magnification 
However, at higher energy levels, the damage threshold of the beam expander 
makes it inapplicable for the experiment. We use three curved mirrors with high-power 
optical coating (CVI Laser, TLM1 coating) to form the telescope. The expansion ratio is 
adjustable between 1:1 and 1:3.
The Fourier element in the experiment is a plano-convex focusing lens with 25 
cm focal length. The target plane of the whole beam shaping system coincides with the 
focal plane of the Fourier lens. One flexibility of the beam shaping system is that the 
output beam size can be scaled up or down by adjusting the focal length of the Fourier 
element. The scaling factor p  = - Kr) Jif ° indicates that when the beam shaping element is
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determined, the input beam size r, is fixed, however, the output beam size R0 can be 
proportionally scaled in accordance with / ,  the focal length of the Fourier element, while 
the quality of the output top-hat profile is maintained.
At the target plane, the beam profile is diagnosed with a CCD camera (Pulnix, TM- 
7CN) and is analyzed with a laser beam diagnostic software (Spiricon, LBA-300PC).
Summary
In this chapter, a theoretical model is developed for the ultrashort laser pulse 
beam shaping process, and a diffraction integral is deduced. The non-linear self-phase 
modulation is included in the theoretical model for high-power ultrashort laser pulse 
beam shaping. The experimental setup of the beam shaping system is also described in 
this chapter, including the laser beam source, the phase delay element, the beam size 
control and profile diagnostic systems.
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Chapter 3
Terawatt Laser Amplification System
In order to study experimentally spatial beam shaping of ultrashort high-energy 
pulses, a Terawatt laser system is necessary. I built a multi-pass Chirped Pulse 
Amplification (CPA) system which amplifies the pulse energy of a seed beam to 20 mJ. 
With a pulse width of 73 fs, the amplified seed beam from the laser amplification system 
has a peak power of about 0.3 Terawatt. This Chapter describes our laser amplifier and its 
specification. Section 3.1 gives a brief introduction to the progress in the development of 
high-power ultrafast lasers. Like other systems, our amplifier consists of a pulse stretcher, 
two stages of multi-pass amplifiers and a pulse compressor. The pulse stretcher and 
compressor are discussed in Section 3.2 and Section 3.5, respectively. Section 3.3 and 3.4 
describe the eight-pass preamplifier and the four-pass power amplifier. Some photos of 
the optical layout are also presented at the end of this chapter.
3.1 Introduction
Advances in ultrafast laser technology[50-52] have opened up new possibilities in 
many scientific and technological fields. Amplification of ultrashort laser pulses was
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dramatically improved since the introduction of CPA technique[53]. The CPA technique 
is a scheme to amplify the energy of a laser pulse without damaging the gain medium due 
to the pulse’s high peak power and nonlinear processes such as self-focusing. In solid 
state lasers, some amplifying media have a high energy storage capacity[54]. For 
example, the Ti:sapphire crystal has a stored energy density of 1.2 J/cm2 [55], and that for 
Nd:glass is 0.6 J/cm2[56]. For ultrashort laser pulse amplification, when the energy 
storage is fully extracted, the peak power will far exceed the damage threshold of the gain 
media. The CPA technique provides a very useful solution to avoid damage to the crystal 
while keeping an efficient energy extraction out of an amplifying media.
The CPA technique works in the following way: an ultrashort laser pulse is 
stretched out in time by a normally dispersive chirp introduced on the pulse. Various 
dispersive delay lines such as an optical fiber or a diffractive grating configuration can 
realize the dispersive chirp on the pulse. This positive chirp increases the pulse duration 
by a factor of 1 0 3- 1 0 4, and therefore, while the pulse energy is amplified, the peak power 
of the chirped pulse is kept at a low level (below the threshold of crystal damage and 
nonlinear optical effects) so that the pulse will be free of distortion caused by nonlinear 
optical effects and the gain medium is working safe. Subsequently, in order to 
temporally compress the pulse duration back, a pulse compressor is used to generate a 
negative chirp which compensates that of the pulse stretcher, the amplifier medium and 
any optics in the system. Therefore, the output pulse will have both high energy and short 
pulse width, resulting in extremely high peak power laser pulses. Figure 3.1 shows the 
scheme of an amplifier system based on the CPA technique.
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M2
amplifier
Figure 3.1. Scheme of an amplifier system based on CPA technique
Depending on applications, CPA amplifiers have different configurations[57,58]. 
For example, in a high repetition-rate CPA system, thermal distortion effects such as 
thermal lensing, birefringence and stress must be considered. These thermal effects may 
cause damage to the crystal. While Surface fracture or melting damage of the crystal is 
mainly caused by local heating of the crystal, most bulk damages of the crystal in a high- 
power amplifier result from nonlinear self focusing of the laser beam. Thermal effects 
limit the diameter of the laser crystal in a high repetition-rate amplifier, which in turn 
limits the amplification of the whole system. For a 120-Hz Nd:YAG laser amplifier, the 
maximum size of the laser rod is about 0.5 cm. Therefore, using a laser material with 
good thermal properties is important to reduce heat-related effects. Ti:sapphire crystal has 
relatively high thermal conductivity (0.11 cal/(°C sec cm) and can therefore dissipate 
thermal power efficiently. Another solution to overcome thermal lensing is to use a
45
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radially heated compensation plate in the cavity to compensate the thermal lensing effect. 
A radially heated compensation plate[59] is usually an optical flat with a heating wire on 
the circumference so that a thermal lens of the opposite sign of the thermal lensing 
induced by the laser beam is formed. Further cooling the amplifier crystal can also be 
helpful since the thermal conductivity will increase by an order of magnitude at very low 
temperature[60].
Thermal birefringence[61,62] is caused by the anisotropic thermal stress in a laser 
rod which will de-polarize the laser beam[63] and reduce the efficiency of the 
amplification system[64]. Thermal birefringence can be compensated by a 45° Faraday 
rotator[65,66]. Lee has studied a diode-pumped, thermal birefringence compensated 
Nd:YAG laser and analyzed the stability of a resonator with and without the 
compensation of a rotator[67].
A second example is the ultrashort-pulse CPA systems. In such systems where the 
pulse duration is less than 1 0 0  fs, maintaining a broad bandwidth and minimizing high- 
order dispersions will be the major concern in the system design. Gain narrowing effect 
due to the finite gain bandwidth of the amplifier medium will result in a reduction of the 
spectral bandwidth. For a Ti: sapphire amplifier with an amplification factor of 107, gain 
narrowing limits the output bandwidth within 47 nm[6 8 ]. Using thin-film dielectric filters 
can partially compensate the gain narrowing effect[69]. Hentschel studied gain narrowing 
compensation in a 0.1-TW, sub-20fs CPA amplification system using a spectral 
amplitude filter[70]. With a net power gain of 106, the amplifier shows obvious gain 
narrowing effect. The input spectrum bandwidth is 148 nm, and after amplification the
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FWHM is reduced down to 41 nm FWHM due to gain narrowing. With the spectral 
amplitude filter, the bandwidth is partially recovered to 75 nm.
The amplification process also causes a shifting of the spectrum. When the 
amplification is close to saturation, the red leading edge of a chirped-pulse will deplete 
the excited-state population, and result in a higher gain than that of the blue edge of the 
pulse. For very short pulse (<30 fs) amplification, high-order dispersion is the major 
limiting effect. Adjusting the grating separation and incident angle can cancel the second- 
and the third-order dispersion. The residual high-order dispersion can be compensated by 
adding optical materials of negative high-order dispersion in the beam path, using chirped 
multilayer dielectric coating on the mirrors[71] or actively modulating the pulse’s wave 
front using liquid crystal spatial light modulators[72].
Based on the CPA technique, I built a two-stage multi-pass Terawatt laser 
amplification system. Figure 3.2 shows a schematic of the whole amplifier system. Each 
module of the system (pulse stretcher, eight-pass preamplifier, four-pass power amplifier 
and pulse compressor) will be described in the following sections, respectively.
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Figure 3.2. Schematic of the Terawatt laser amplifier system.
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3.2 pulse stretcher
Our amplifier is seeded with an infrared laser beam from a Ti:sapphire oscillator 
(Tsunami, Spectra-Physics). Specifications of the seed beam are listed in Table 3.1.
Table 3.1. Specifications of the beam seeding the CPA amplifier
Central wavelength: 800 nm
Repetition rate: 80 MHz
Pulse energy: 6  nJ
Beam diameter (FWHM): 2 . 1  mm
Spectrum bandwith: 40 nm
Pulse width: 1 0 0  fs (uncompressed)
Before entering the multi-pass amplification stages, the seed beam is first 
stretched by a factor of 103. The optical setup of the reflective one-grating pulse stretcher 
is illustrated in Figure 3.3. The optics in the pulse stretcher is designed in such a way that 
light with longer wavelengths takes less time to travel through the whole setup than light 
with shorter wavelengths does, and therefore, a positive frequency chirp is introduced 
into the pulse.
PC
M2
PM
Figure 3.3. Optical setup of the pulse stretcher.
The parabolic mirror PMi and the folding mirror M3 in the pulse stretcher form a 
1:1 telescope. The image of the grating Gi through the telescope is separated from the 
original grating. Alignment of the telescope is crucial for the recompression of the
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stretched pulse. First, the folding mirror is placed at the focal point o f the focusing mirror 
in order to ensure the magnification of the telescope equal to 1 , which can guarantee the 
image of the grating has exactly the same characteristics as the original grating. Second, 
the orientation of the folding mirror must be aligned to be perpendicular to the beam so 
that the image of the grating is perfectly stigmatic on the optical axis of the telescope. 
Otherwise, the diffracted beam will be incident on the second grating (the image of the 
original one) at a slightly different angle. This will result in both spatial chirp and 
astigmatism in the laser beam and makes it difficult to temporally compress the pulse 
duration back to its original width.
Figure 3.4 is a geometrical optics illustration of the diffracted beam passing 
through the imaging telescope in the pulse stretcher. An equivalent two-lens pulse 
stretcher configuration replaces the all-reflective setup in this figure. The positions of the 
second lens and grating are symmetric to those of the first lens and grating with respect to 
the middle line between the two lenses. The image of the first grating is located behind 
the second one, and the distance between the two determines the effective dispersion of
the pulse stretcher.
r -------------------2 f------------------   l*----- *1
Figure 3.4. Geometrical optics illustration of the pulse stretcher.
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The grating is placed at a distance of lg before the first lens. After the telescope, 
the grating is imaged at a distance of 2(f-lg) behind the second lens. Using geometrical 
optics, it can be shown that the converging angle of the beam after the second lens is 
equal to the dispersion angle o f the incident beam at the first grating. Therefore, the beam 
spreads on the second grating with a width of 2 ( / - l g) s 'm A fi, where Aft  is the difference
between the dispersion angles of the longest and the shortest wavelengths. As a result of 
this spreading width, a difference in optical path length among the dispersed beams is 
introduced into the pulse. The optical path length difference between the shortest and the 
longest wavelengths is Ap  = (sin f t + sin a ) , where a  is the incident angle on the grating,
and ft is the dispersion angle of the central wavelength. Considering the return path of 
the beam through the pulse stretcher, the total path length difference \ s 2 A p . Therefore, 
the duration of the stretched pulse is given by:
4 ( / - / „ ) s i n  Aft
At  ------------------------ (s in /?  + sin a )3 .3 3 p s  I mm ,
cos ft
where the incident angle a  and the dispersion angle ft for a given wavelength X 
is related by the grating equation:
. _ . X
sin f t  +  sin a  = — .
d
The equation shows that the effective dispersion length in a pulse stretcher is four 
times the distance between the grating Gi and the folding mirror M3 (shown in Figure 
3.5). Therefore, the stretching capability of a pulse stretcher can be controlled by 
adjusting the separation between the grating and the folding mirror. On the other hand, 
however, the beam spreads on the grating with a width of 2 ( f  -  lg ) sin A f t , so the finite
51
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dimension of the grating will put a limit on the final pulse duration out of the pulse 
stretcher.
Our pulse stretcher adopts an all-reflective design in order to avoid chromatic 
aberrations introduced by lenses. The focusing mirror used in the stretcher is a 6 -inch 
gold-coated parabolic mirror with a focal length of 30 inches. The folding mirror located 
at the focal point of the parabolic mirror is a 1-inch by 4-inch rectangular mirror with 
gold coating. Specifications of the grating used in the stretcher are listed in Table 3.2. 
The distance between the grating and the folding mirror is 40 cm. Since the laser pulse 
travels four times within the pulse stretcher, therefore, the effective dispersion distance is 
160 cm. In order to achieve the maximum diffractive efficiency of the gratings, the seed 
beam is incident at the Littrow angle o f 28.6 0 (i.e. the direction of the first-order 
diffraction beam coincides with that of the incident beam). At the Littrow configuration, 
the energy distributed to the first-order diffracted portion of the beam reaches a 
maximum.
Table 3.2. Specifications of the grating used in the pulse stretcher
Groove frequency: 1 2 0 0  grooves/mm
Blaze angle: 2 1 .1 "
Ruled width: 96 mm
Groove length: 46 mm
Littrow angle ( for 800 nm): 28.6“
Coating: gold
Resolving power: 1.15 x 1 0 5
The spectrum of the seed beam before the pulse stretcher is shown in Figure 3.5. 
The spectrum shows a nice Gaussian profile centered at 800 nm with a bandwidth of 40 
nm.
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Figure 3.5. Spectrum of the seed beam before entering the pulse stretcher.
Bandwidth of this spectrum is 40.35 nm centered at 800 nm.
After the pulse stretcher, the bandwidth is reduced to 32 nm by the optics in the 
stretcher, as shown in Figure 3.6. Since the bandwidth corresponding to a Fourier- 
transform-limited pulse width of 30 fs is 31.3 nm, therefore, the spectrum after the pulse 
stretcher is still wide enough to support the recompression of the pulse width back to sub- 
1 0 0  fs level.
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Figure 3.6. Spectrum of the seed beam after the pulse stretcher. The bandwidth of
this spectrum is 32.8 nm.
It is necessary to check the spatial profiles of the seed beam before and after the 
pulse stretcher to make sure no spatial chirp is introduced into the pulse due to 
misalignment of the telescope in the pulse stretcher. Figure 3.7 shows the comparison 
between the spatial mode profile of the incident seed beam and that of the beam after
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being temporally stretched. This figure shows that the spatial profile is well recovered 
after the pulse stretcher. When a narrow part of the dispersed spectrum is blocked, the 
intensity all over the profile is homogenously decreased without showing any spatial 
distortion. This indicates that the pulse is free of spatial chirp after passing through the 
telescope in the pulse stretcher.
Figure 3.7. Comparison of the spatial mode profiles of the seed beam before and 
after the pulse stretcher.
The autocorrelation measurement of the stretched pulse shows that the pulse is 
stretched to 156 ps, corresponding to a stretching factor o f 1,500 for a 100-fs input pulse. 
Figure 3.8 shows the autocorrelation curve for the stretched pulse.
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Figure 3.8. Autocorrelation measurement o f the stretched pulse. FWHM of the curve is 
220 ps. Assuming a Gaussian pulse profile, the pulse width is 156 ps.
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3.3 Preamplifer
The stretched pulse is injected into an eight-pass preamplifer stage in which the
configuration because such systems have less high-order phase accumulation than a 
regenerative system does, and therefore it is easier for a stretched pulse to be compressed 
back to femtosecond level. The optical setup of the eight-pass preamplifier is shown in 
Figure 3.9. ik
Figure 3.9. Optical setup of the eight-pass amplifier.
The gain medium used in the amplifier is a highly doped Ti:sapphire rod. Some 
physical specifications of the Ti:sapphire crystal are listed in Table 3.3.
Table 3.3. Physical specifications of the Ti:sapphire crystal used in the eight-pass
preamplifier
pulse energy is amplified by a factor of ~106. The preamplifer uses a multipass
pump
Rod diameter: 
Beam path length : 
Cut angle : 
Orientation : 
Dopant concentration : 
Damage threshold : 
Density:
5 ± 0.05mm 
7 mm
60.4 ° (Brewster cut) 
E-vector parallel to c-axis
0.25%
5 J/cm2 
3.98 g/cm3
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The Ti:sapphire rod is placed at the focal points of four concave mirrors (Cl 
through C4 in Figure 3.11) . The focal lengths of these curved mirrors are 50 cm. The 
seed beam is reflected four times on each curved mirror so that it passes through the 
Ti:sapphire crystal eight times.
A Nd:YAG laser (Spectra-Physics, Quanta-Ray PRO-290-3Q) is used to pump the 
pre-amplifier crystal. The wavelength of the pumping light is 532 nm and the pulse 
duration is 10 ns. The pumping energy used in the 8 -pass amplifier is 30 mJ per pulse. In 
order to obtain the maximum pumping efficiency, the pump beam is split with a 50% 
beam splitter and pumps the crystal from both sides. To avoid back reflections, the pump 
beam is vertically offset from one side by a slight angle and an iris is used on each side of 
the crystal to block the transmitted pumping light while the main pumping beam goes 
through the aperture.
The repetition rate of the seed beam coming out of the pulse stretcher is 80 MHz, 
while that of the pump laser is 30 Hz. Therefore, a pulse divider is employed to reduce 
the high pulse frequency down to 30 Hz. The Pockels cell used between the pulse 
stretcher and the preamplifier (shown in Figure 3.5) operates as a pulse picker. The 
Pockels cell works as a half-wave plate between two Calcite polarizers oriented at a 90° 
angle to one another. High voltage electric pulses are generated by an external power 
supply. When a high voltage pulse is applied to the Pockels cell, the polarization of the 
seed beam will be rotated by 90°, and therefore it can go through the second polarizer. 
Controlling the electric pulses enables the Pockels cell to select a sequence of optical 
pulses from a high frequency pulse train.
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Obviously, the seed beam pulses, the pump beam pulses and the high voltage 
pulses applied to the Pockels cell must be synchronized such that the seed beam and the 
pump beam temporally overlap with each other. Furthermore, the time delay between the 
seed beam and the pump beam must also be tunable to optimize the amplification of the 
seed beam. The timing scheme used in our amplification system is shown in Figure 3.10.
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Figure 3.10. Synchronization timing scheme used in the amplification system.
The Delay Generator (Stanford Research Systems, DG535) can be triggered with 
an external source. It has four output channels which can simultaneously give four 
synchronized TTL signals of the same frequency, and the time delay between any two 
output signals can be adjusted at a pico-second resolution. One channel signal is used to 
trigger the Pockel cell so that the temporal aperture of the Pockels cell coincides with the 
arrival o f the seed beam pulses. Two other channel signals are used to trigger the LAMP
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and Q-Switch input in the Quanta Ray laser, respectively. The maximum output of the 
pumping light can be obtained by adjusting the Q-Switch time delay with respect to the 
LAMP signal. Further adjustment of the time delay between the LAMP and the Pockels 
cell triggering time will give the seed beam pulse an appropriate time delay with respect 
to the pump beam pulse to achieve the maximum amplification. The time delays used in 
our amplification system are as follows:
a) LAMP triggering time delay: 0.030000 ms,
b) Q-Switch triggering time delay: 0.223406 ms,
c) Pockels cell triggering time delay: 0.218212 ms.
With this timing scheme, the Pockels Cell and the Quanta-Ray laser are 
synchronized with a tunable time delay between the seed beam and the pump beam.
We can estimate the small signal gain of the eight-pass amplifier from the optical 
properties of the Ti:sapphire crystal. Table 3.4 gives the absorption and emission cross 
sections and other optical parameters of the Ti: sapphire crystal.
Table 3.4. Optical specifications of the Ti:sapphire crystal in the preamplifier
Index of refractivity at 800 nm : 1.76
Index of refractivity at 532 nm : 1.77
Absorption cross section o abs : 4x 1 0 '2 0 cm2
Emission cross section a em : 3.1 x 10'1 9cm2
Absorption coefficient a : 4.1 cm' 1 ±20%
The density of Ti3+ions in the sapphire crystal is 8 . 6 x 1 0 19c tT 3 for a 0.25% doped AI2O3 
crystal. The 30 mJ/pulse pumping energy is focused down to 1.2 mm diameter. With the 
absorption cross section crabs , one can obtain the excited state population to be
58
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
2.47 x to19 cm"3 . Therefore, the small signal gain is given as: 
go = N ■ a em = 2 .4 7 x l0 19 -3 .1 x l0 ~ 19 = 7 .7cm "1 .
When the pulse intensity is approaching the saturation intensity of the medium, 
the gain is given by g  = 1+Eg°E > where Esat is the saturation fluence. For. Ti:sapphire
crystal, the saturation fluence is about 0.9 J/cm2. The pumping intensity attenuates along 
the beam path into the crystal exponentially. At a distance L from the surface of the 
crystal, the pumping intensity can be written as I  = l 0 exp( - a L ) , where a  is the absorption 
coefficient of the Ti:sapphire crystal at the wavelength of pumping light, and Io is the 
pumping intensity outside the crystal. Therefore, the total gain in the eight-pass amplifier 
can be obtained by integrating over the full beam path length through the crystal.
The parameters of our eight-pass amplifier are listed in Table 3.5. To avoid any 
damage to the gain crystal, the pumping fluence is about half of the damage threshold of 
the Ti:sapphire crystal. The crystal absorbs about 87% of the pumping energy, resulting 
in a total amplification of 2.5 x 106 after eight passes. The output fluence is very close to 
the saturation fluence. Table 3.6 shows the amplification for each pass. It also indicates 
that the amplification saturates after eight passes through the gain medium.
Table 3.5. Specifications of the eight-pass preamplifier
Seed beam pulse energy: 1 nJ
Pump beam pulse energy : 30 mJ (pumping from both sides)
Focused seed beam diameter : 0.6 mm (10-90% level)
Focused pump beam diameter: 1.2 mm (10-90% level)
Amplified pulse energy : 2.5 mJ
Total amplification factor: 2.5 x 106
Amplified seed beam fluence: 0.88 J/cm2
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Table 3.6. Amplification factor and pulse energy per pass
pass Amplification factor pulse energy
1 7.3 7.3 nJ
2 7.6 55.4 nJ
3 6.7 371.7 nJ
4 6.9 0.00256 mJ
5 6.3 0.0162 mJ
6 6 . 0 0.097 mJ
7 5.9 0.572 mJ
8 4.7 2.688 mJ
A CCD camera (Spiricon, LBA-PC) is used to capture the spatial mode profile of 
the amplified beam after the eight-pass preamplifier, as shown in Figure 3.13 (a). The 
intensity distributions along the horizontal and vertical cross sections of the beam profile 
are also plotted, (Figure 3.11 (b) and (c)). It can be seen that the Gaussian spatial profile 
of the seed beam is well maintained after amplification.
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Figure 3.11. Spatial mode profile of the amplified beam after the eight-pass.
preamplifier, (a) CCD captured profile; (b) intensity distribution along the horizontal
cross section of the beam profile; and (c) intensity distribution along the vertical cross
section of the beam profile.
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The autocorrelation trace of the amplied beam is plotted in Figure 3.12, showing 
an autocorrelation width of 258 ps. The Fourier transform of a Guassian-shaped pulse 
gives a ratio of 1.41 between the autocorrelation width and the pulse width. Therefore, 
the actual pulse width is 181 ps.
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Figure 3.12. Autocorrelation measurement of the pulse width after the eight-pass 
preamplifier. Assuming a Gaussian temporal profile, the pulse duration is 181 ps.
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Figure 3.13. stability of the output power from the eight-pass amplifier: (a) pulse-to-pulse 
stability of the unamplified seed beam; (b) pulse-to-pulse stability of the amplified seed
beam.
The output power stability is also measured with an A/D converter (Stanford Research 
systems, SR245). Figure 3.13 shows the output pulse-to-pulse stability
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compared with that of the seed beam. This measurement shows that the output power 
varies within ± 5% of the mean value of a series of pulses.
3.4 Power amplifer
The second amplification stage of the Terawatt amplifier is a four-pass power 
amplifier. The four-pass setup is similar to that of the preamplifier, but the seed beam is 
no longer focused since the energy level in the power amplifier is much higher than in the 
first amplification stage. However, the pump beam is slightly focused in order to reach 
sufficient pumping intensity in the crystal. Similar to the pumping configuration in the 
eight-pass amplifier, the pump beam in the four-pass is also split by a 50% beam splitter 
so that the crystal is pumped from both sides. This can both increase the pumping 
efficiency and keep the crystal safe. The optical layout of the power amplifier is depicted 
in Figure 3.14.
J ^
Figure 3.14. Configuration of the four-pass power amplifier.
An iris is used in the beam path between the two amplification stages as a spatial 
filter to block the Amplified Spontaneous Emission (ASE) from the preamplifier. Spatial 
coherence of ASE is much less than that of the amplified short pulse itself, so it can be 
blocked out with a spatial filter.
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In the power amplifier, cooling of the Ti:sapphire crystal rod is essential. A 
Peltier thermal electric cooler is used to control the temperature of the crystal. The crystal 
mount is sandwiched between two pieces of 40-Watt thermal electric chillers (Melcor 
Corp., CP1.0-127-06L/W45). Silver paste (Arctic Silver Inc., Arctic Silver V) rather than 
indium foil (which is normally used as heat transfer media in a laser amplification system) 
is used between the contacting surfaces of the crystal, the copper mount, the Peltier chips 
and the water-cooled heat sink. Table 3.7 gives a comparison of the thermal properties 
between Indium foil, silicon-based thermal grease and the silver paste used in our power 
amplifier.
Table 3.7. Thermal properties of various heat transfer media[73]
contact thermal conductance 
(W/m2-° C)
thermal resistance 
(° C - in2 / W)
indium 9,000
silicon grease 2 0 , 0 0 0 0.05
silver paste 350,000 0.0045
Table 3.7 shows that silver paste has a much higher thermal conductance than the 
other two heat transfer media. Moreover, the amorphous shape of silver paste can fill the 
micro gaps between the contacting surfaces. With such a cooling solution, the absorbed 
heat of the crystal can be dissipated into the heat sink efficiently, and the temperature of 
the Ti:sapphire crystal can be well controlled.
Before being injected into the power amplifier, the output beam from the eight- 
pass is expanded with a 1:2 telescope which increases the beam size to 3.5 ~ 4 mm 
diameter. Due to the high power level of the beams in the four-pass amplifier, the mirrors 
used in this stage are coated with high-power coating (CVI Laser Corp., TLM1 coating).
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The Tiisapphire crystal used in the four-pass is a 10-mm-diameter by 7-mm-beam-path- 
length rod. The pump beam is moderately focused by a plano-convex lens with 1500-mm 
focal length. Other specifications of the power amplifier are listed in Table 3.8.
Table 3.8. Specifications of the four-pass power amplifier
Seed beam pulse energy: 2  mJ
Pump beam pulse energy : 650 mJ (pumping from both sides)
Seed beam diameter: 3.5mm
Focused pump beam diameter: 4.5 mm
Amplified pulse energy : 40 mJ
Total amplification factor: 30
Amplified seed beam fluence: 0.42 J/cm2
Figure 3.15 shows the pulse spectrum after the power amplifier. The measured 
bandwidth is about 23 nm. Due to the gain narrowing effect during the amplification 
process, the spectral bandwidth of the amplified pulse is much narrower than that of the 
original seed beam.
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Figure 3.15. Spectrum of the amplified pulse after the four-pass amplifier. 
Table 3.9 gives the relationship between the transform-limited pulse duration and 
the spectral bandwidth (FWHM) for Gaussian-shaped pulses centered at 800 nm. It can
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be seen that the 23-nm bandwidth is wide enough to support a sub-100-fs pulse 
recompression.
Table 3.9. Pulse duration versus spectral bandwith for Gaussian-shaped pulses
Gaussian bandwidth (nm) Gaussian pulse duration (fs)
9.4 1 0 0
18.8 50
31.3 30
94 1 0
The autocorrelation trace of the amplified pulse after the four-pass amplifier is 
shown in Figure 3.16. Before amplification in the four-pass stage, the pulse width was 
180 ps, and this autocorrelation measurement indicates that the pulse width is moderately 
stretched by approximately 1 0  ps during the power amplification.
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Figure 3.16. Autocorrelation measurement of the pulse width after the four-pass 
preamplifier. Assuming a Gaussian temporal profile, the pulse duration is 189 ps.
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3.5 Pulse compressor
The final stage of the Terawatt amplifier system is an all-reflective pulse 
compressor. The arrangement of the compressor is shown in Figure 3.17.
Figure 3.17. Optical configuration of the pulse compressor.
This pulse compressor works in exactly the reversed way of the pulse stretcher as 
discussed in Section 3.2. The two dispersive elements used in the compressor are gold- 
coated, 1 2 0 0  grooves/mm reflective gratings with the same blaze angle as that of the 
grating used in the pulse stretcher. The effective dispersion distance is twice the 
separation between the two gratings. A negative chirp is introduced into the pulse during 
the propagation of this distance. However, the effective dispersion distance in the 
compressor is not exactly the same as that of the pulse stretcher. When the beam travels 
through all the optics and Ti:sapphire crystals in the amplification system, some extra 
dispersion is introduced into the pulse. The negative chirp induced by the pulse 
compressor will compensate the dispersion coming from both the pulse stretcher and the 
optical materials present in the amplifier stages. Therefore, the distance between the two 
gratings is more than half of the effective dispersion distance in the pulse stretcher.
6 6
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The amplified beam is incident on the gratings at the Littrow angle, but the return 
pass is slightly offset in the vertical direction in order to couple the beam out of the 
compressor.
Diffraction efficiency and damage threshold of the gratings in the pulse 
compressor are the two major factors that limit the output of the amplification system. 
When used in the first-order Littrow configuration, the gold-coated reflective grating 
used in our compressor has a diffraction efficiency of 85%. This leads to a -50%  energy 
loss after the compressor since the beam diffracts from the gratings four times. The 
damage threshold of a gold coating is typically -0.2 J/cm2 [74,75] for short pulse (O.lps). 
The peak power of the pulse from our amplifier will reach -0.3 TW after compression. 
Therefore, before the pulse enters the compressor, a 1:5 telescope is set up in the beam, 
expanding the beam diameter to 15 mm. The parameters used in the pulse compressor are 
listed in Table 3.10.
Table 3.10. Specifications of the pulse compressor
Input pulse energy : 40mJ
Incident spectral bandwidth : 23.5nm
Incident beam size: 1.77 cm2
Distance between the gratings: 82 cm
Output pulse width: 73 fs
Output bandwidth: 23.4 nm
Output pulse energy: 20 mJ
The spectrum of the pulse after the compressor is shown in Figure 3.18. The 
FWHM of the spectrum is maintained at 23 nm compared to the bandwidth of the pulse 
entering the compressor.
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Figure 3.18. Spectrum of the pulse after the compressor. The bandwidth of this
spectrum is 23.4 nm.
The autocorrelation measurement of the output pulse width is plotted in Figure 
3.19. A Gaussian fitting indicates that the pulse width is 73 fs. Since the output energy is 
20 mJ per pulse, the peak power of the compressed pulse reaches 0.3 TW.
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Figure 3.19. Autocorrelation measurement of the pulse width after the pulse
compressor.
Figure 3.20 shows the output beam mode profile. The lower right spot is due to 
the reflection to the CCD camera. The beam mode shows a good Gaussian profile. 
Figure 3.20 (b) and 3.20 (c) shows the intensity distributions along the horizontal and the
6 8
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vertical cross section of the beam profile, respectively. In the vertical cross section, a 
tilted tail of the intensity profile is caused by the background light which is brighter on 
the top than at the bottom of the CCD sensor area.
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Figure 3.20. Beam mode profile after the compressor: (a) CCD captured beam 
profile; (b) intensity distribution along the horizontal cross section of the beam profile; 
and (c) intensity distribution along the vertical cross section of the beam profile.
A picture of the overall layout of the CPA laser amplification system is shown in 
Figure 3.21. The pictures of the eight-pass preamplifier stage and the following four-pass 
power amplifier are shown in Figure 3.22 and 3.23, respectively.
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Figure 3.21. Layout of the whole CPA laser amplification system, (a) Tusnami 
Ti:sapphire laser operating at 800 nm wavelength, serving as the seed beam in the 
amplification system; (b) Quanta-Ray Nd:YAG laser, the pumping laser in the system; (c) 
Pulse stretcher and 8 -pass pre amplification stages; (d) 4-pass power amplification stage; 
(e) Two-grating based pulse compressor.
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Figure 3.22. Layout of the pulse stretcher and the eight-pass preamplifier stage, (a), (b) 
and (c) dispersive grating, folding mirror and parabolic mirror of the pulse stretcher, 
respectively; (d) Pockel’s cell serving as a pulse picker; (e) Ti:sapphire crystal in the 
eight-pass amplifier stage; (f) focusing mirrors for the pump beam.
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Figure 3.23. Layout of the pulse stretcher and the four-pass power amplification stage, (a), 
Ti:sapphire crystal in a thermal-electric cooling mount; (b) Beam splitter separating the 
pump beam so that the crystal is pumped from both sides; (c) Plano-convex lens slightly 
focusing the pumping beam.
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Summary
In summary, I have built a Terawatt amplification system based on CPA 
technique. Both the pulse stretcher and compressor adopt the all-reflective design with a 
near Littrow angle configuration. The Littrow configuration minimizes the reflection loss 
of high-order dispersion from the gratings, and the all-reflective design of the pulse 
stretcher/compressor minimizes the chromatic aberration and nonlinear optical effects. 
The amplification system consists of two stages of multi-pass amplifiers. Each amplifier 
uses a 0.25% doped, Brewster-cut Ti:sapphire crystal as gain media. Compared with the 
regenerative amplifiers, our multi-pass amplifier has the advantage of low dispersion and 
increased spectral throughput. The whole amplification system is pumped longitudinally 
with a 30-Hz, 800-mW Nd:YAG laser. The output pulse energy from this amplifier is 20 
mJ, corresponding to a total gain of ~ 4 xio7 for the seed beam. The pulse duration is 
compressed back to 73 fs, yielding a 0.3-TW output peak power.
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Chapter 4
Results and Discussion
In this chapter, a numerical evaluation of the diffraction integral obtained in the 
theoretical model is presented. Section 4.1 describes the Monte Carlo method — the 
numerical technique used to calculate the diffraction integral, and shows the calculation 
results of the numerical simulation, including a detailed analysis of spatial and temporal 
intensity evolution of the ultrashort laser pulse passing through the diffractive beam 
shaping system
In order to justify the theoretical simulation of the ultrashort high-energy laser 
pulse beam shaping process, experimental investigation of the beam shaping system are 
performed. The high-power CPA laser amplification system facilitates the experimental 
studies of the beam shaping system at various energy levels ranging from 6  nJ to 20 mJ. 
The transmitted beam profiles through the laser beam shaping system are captured with a 
CCD camera, and the fluence distribution is compared with the theoretical curves 
obtained through numerical simulations. These experimental results are presented in 
section 4.2.
4.1 Numerical simulation
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4.1.1 Low-energy pulse beam shaping
The diffraction integral deduced in the theoretical model was given as Equ. (2.25) 
in Chapter 2:
£(^T) = j£0 exp(-^2)exp(-(^E)2)
• e x p [* V (f io )-^ )(^ -f io ) ]
•exp[-l^"(n0)-^ )(n -«o )2l
' expOC, exp( iC lt')d ^  .
This equation derived for ultrashort laser pulse beam shaping needs to be solved 
numerically. I use the Monte Carlo method[76-78] to evaluate the diffraction integral. 
The Monte Carlo method is a widely used class of computational algorithms for 
simulating the behavior of various physical and mathematical systems. A deterministic 
method of numerical integration usually takes a number of evenly spaced sample points 
from the integrand function. For a multi-dimensional integration, the number of sampling 
points will increase exponentially with the degree of freedom in a given physical system. 
The Monte Carlo method provides an efficient way to avoid the exponential increase by 
generating random sampling points over the range of the integral. An optimization of this 
technique uses some algorithms to make the random points denser in regions of high 
contribution to the integral than from regions of low contribution.
f ( u l , u 2 , . . . ,un)du ldu2 ...dun , random vectors
U i {ul , u 2 , . . . ,un) and a probability density function p f ( U ) are introduced for each one of
P  ^ 'such vectors. Then the integral can be approximated by: F  = — Y /(£/,.) , where
;=i
P  = J p ( x ) d x , and V is the volume of the multidimensional space. The standard error for
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Monte Carlo analysis is given by V , where < /> = - ^ ^ /W ,)  and
The efficiency of the Monte Carlo technique depends greatly on the sampling of 
random points. In some cases, uniformly distributed random points are not ideal for a 
quick convergence of the simulation. For example, using evenly distributed random 
points to integrate a sharply-peaked function could result in a very poor computational 
efficiency and convergence. In order to improve sampling, change of variables is often
necessary. Given an integral/=  \ f{y)dy , where f(y)  is a fast varying function, the
One can choose a transformation so that the variable gives a nearly flat distribution. A 
judging algorithm can also be used to identify the sharpest regions in an integrand so that 
more sampling points are generated in these regions.
For the two-dimensional diffraction integral we obtained in Equation (2.25), we 
perform the Monte Carlo numerical simulation as follows: 1. Identify the range of
integrand variables £ and Q where the random number will be placed; 2. Sample m
points from this two-dimension space. Since the integrand is close to a Gaussian function, 
generate the random points in a Gaussian distribution; 3. Accept or reject the points based
on criterion; 4. If accepted, add /(£, Q) to the total sum;
A detailed flow chart of the algorithm used in the numerical simulation is shown in 
Figure 4.1.
can be transformed into y = g(x) , integral becomes 1 = \ f(g(x))«Jci
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Figure 4.1. Flow chart of the
algorithm used in the numerical
yes
simulation.
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The optical material used in the beam shaping system is BK7 glass. The 
dispersion relationship expressed in terms of wave vector k  as a function of angular
frequency Q is given by k(Q) = k(Q0) + kx (Q0 )(Q -  Q0 )+ -^  £ 2 (Q0 )(Q -  Q0 ) 2 +... ,where
^(Qoland k2(D.{)) are the coefficients of the Taylor series for k(Q) , respectively. The 
index of refraction «(Q0)o f BK7 glass and its first- and second-order derivatives with 
respect to the wavelength (nx '(Q.0) and «; "(Q0)) are known. Therefore, we can obtain the 
values of &i(Q0) and k2(Qn) with the following relationships:
n(Q. 0 )Q0k0 -
tj = -(n(Q0) - k ^ 7
dk
k 2 , d 2nk\ ~ ---- ~ A---—
In c 2 dk2
The central wavelength in the simulation is 800 nm, therefore, Q0 =2.355xl015i 1
and[79]
«(Q0) = 1.51077998
. dn
dk n0
d 2n
dk1
= 0.0158594599
= 0.0393046719xl06 m~x
Inserting (2.27) into (2.26), one can obtain the values of k0(Q0 ) , k] ( Q 0 ) and k2(Cl0 ) : 
k0 =1.1.859622xl07m-1, kx = 4.9830684xl0_95-m~l and k2 = 4.4506351xl0_26i 2 -m~x.
Next, the intensity profile of a 100-fs pulse passing through the beam shaping 
system is calculated. In the simulation, the radius of the incident beam is 5 mm, and that 
of the desired output beam is 200 / m . The intensity profile [80] as a function of radius
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and time in the target plane is shown in Figure 4.2. Figure 4.3 presents three cross- 
sections of the pulse profile along the spatial axis in order to show the peak separation 
more clearly. In Figure 4.3, the zero point of the local time at the target plane is defined 
to be the time when the pulse front reaches the target plane. Therefore, Fig 4.3(a) 
corresponds to the pulse’s spatial profile when the pulse front reaches the target plane. 
Figure 4.3(b) and 4.3(c) shows the spatial profiles at earlier times ( t = - 0.1 ps and 
t = -0.35/w) prior to the arrival of the pulse at the target plane. Negative time means that 
the tail part of the pulse front has not arrived at the target plane yet.
-1.0
Figure 4.2. Intensity profile of the pulse at the target plane as a function of time and 
radius. The pulse front is curved due to the Propagation Time Delay (PTD) and 
broadened due to the Group Velocity Dispersion (GVD).
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Figure 4.3. Spatial profiles of the laser pulse at different times: (a) t = 0, (b) / = - 0 .1  p.?,
and (c) t = -0.35/m .
From the three dimensional intensity profile in Figure 4.2 one can see that the 
pulse front is strongly curved, which is due to the Propagation Time Delay (PTD). Since 
the path length of the beam in the beam shaping element changes laterally with the 
thickness of the optical media, the pulse front will be delayed with respect to the phase 
front. PTD depends on two factors: optical path length in the medium and the first order 
derivative of k { Q ) . Using the dispersion of the optical material, the spectrum of the form 
of Ez=0 (t) = E0 (x) exp(-n2) exp(/®0r) propagating along z-axis in an optical medium at 
position z = zQ can be expressed as :
Ez=z0 (®) = Eo exp[/*(©0 )z0 ] exp[-/£’(w0 )(eo- co0)z0 ] exp[(- + y ik ''(co0 ))(w ~co0 )2].
In the time domain, the profile of the pulse is given by:
r(z0)
71
E 0 exp[ifi>0 (t  - ) ]e x p [-T (z 0)O -
v»(®o)
where l l
r(z0) r
= — +2ik"(co0) z 0 , and v p ( a Q) = eo° /  and v J a a ) = dw/,A  are the phase
velocity and group velocity of the pulse, respectively. From the above equation, One can 
see that k' ( a ()) causes the propagation time delay. This equation also shows that the group
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velocity dispersion in the —-— term will cause the pulse broadening. These features are
n > 0)
all reflected in the pulse intensity profile shown in Figure 4.2.
The spatial intensity distribution deviates significantly from a top-hat profile. 
Figure 4.4(a) shows the peak intensity as a function of the normalized radius in the target 
plane. The intensity drops down from the center to the outer area. This can be explained 
as follows: for each wavelength component, the beam shaping system will shape the 
beam into a top-hat profile, and the only difference is the size of the top-hat profile due to 
the scaling feature of the beam shaping system. For an ultra short pulse input, the higher 
output intensity in the central region results from the superposition of all the top-hat 
profiles corresponding to different wavelength components. Figure 4.4(b) shows the 
relationship of pulse duration versus radius in the target plane. As discussed above, the 
group velocity dispersion causes various pulse broadening depending on the lateral 
position in the cross section of the laser beam.
40
-1.0 -0.5 0.0 0.5 1.0
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radius [a.u.]
Figure 4.4. (a) Peak intensity of the pulse front as a function of radius in the target plane, 
and (b) pulse duration time in the target plane as a function of radius.
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Although the peak intensity profile deviates significantly from a top-hat profile, 
we find that the fluence still keeps a flat-top profile. The fluence profile is shown in 
Figure 4.5[81].
Figure 4.5. Fluence profile through the target plane as a function of radius.
The fluence profile shows that although the beam shaping system was originally 
designed for CW laser beams, it also works well for ultrashort laser pulses.
4.1.2 Alignment and scaling errors
The effects of misalignments on the beam profile are also studied[81]. In case one, 
the incident laser beam is not aligned exactly along the optical axis of the beam shaping 
system, that is, a small lateral deviation is added. Theoretically, this is done by replacing 
£ with £ -  8  in Equation (2.25), where 8  is the relative lateral deviation of the laser 
beam. In the calculation, 8  is 10% of the original laser beam diameter. Figure 4.6 shows 
the corresponding tilt of the output beam profile.
i n _
1.0
-1.0 -0.5 0.0 0.5 1.0
radius [a.u.]
-2 - 1 0 1 2  
radius [a.u.]
Figure 4.6. Fluence profile when the input beam is off-center by 10%.
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The second alignment error corresponds to a deviation in the input beam size. The 
parameter /? is determined by the product of both the input and output beam size. For a 
designed beam shaper, the input beam size is fixed, therefore the deviation in input beam 
size can cause distortion in the output top-hat profile. The effects of input beam size 10% 
larger or smaller than the designed value are shown in Figs. 4.7(a) and (b), respectively. 
For larger beam size, the profile is lower and wider, but it is higher and narrower for 
smaller input laser beam. The central part of the flat top sinks when the input beam size is 
larger and humps when the input beam size is smaller.
0 .8 -3
<0
0 .6 -<D O
§  0.4-
0 .2 -
0.0
radius [a.u.]
0.8D
CO
0.6<DO
0.4
0.2
0.0
radius [a.u.'
Figure 4.7. Effects of input beam size 10% larger (a) or smaller (b) than the designed
value, respectively.
Next, the defocusing effects are calculated in the target plane before or after the 
focusing plane of the Fourier lens by 2.5% of the focusing length. As shown in Figs. 4.8 
(a) and (b), in the case of positive defocusing (the distance between the Fourier element 
and the target plane is shorter than the focal length of the Fourier lens), the top hat profile 
is still obtained, but the flat top humps compared with the normal top-hat profile. When 
the target plane is negatively defocused (the distance between the Fourier element and the
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target plane is longer than the focal length of the Fourier lens), a tilting edge appears on 
the edge of the flat -top fluence profile.
=i 0 .8 -
Ss 
8  0 .6 -
* 0.4-
0 .2 -
0.0
■2 0 21 1
3  0 .8 - 
8  0 .6 - 
3  0.4- 
0 .2 -
0.0
■2 1 0 21
radius Ta.u.l radius fa.u.l
Figure 4.8. Defocusing effects: (a) before and (b) after the focusing plane of the Fourier
lens by 2.5% of the focusing length.
4.1.3 Medium- and high-energy pulse beam shaping
For higher-power ultrashort laser pulses, when the nonlinear self-phase 
modulation effect is considered, the diffraction integral is given Equation 2.29 in Chapter 
2 :
E(£f ,?)= j j £ 0 e x p (-^ 2 )exp(-(E|E)2)
'e*P
■exp[i*M'(£2 0 )-f(£X n-n0)]
■ exp[_ - j i km " (Q 0 ) • -  Q 0) 2 ]
• -t; <*p(-»'*v exp(/Qr)
• exp(z ij/ NL )dCldq ,
Numerical simulation is also performed for this equation[81]. For BK7 glass used 
in the experiment, the GVD parameter is k'm = 446f s 21 c m , and the nonlinear index 
coefficient of BK7 glass is n2 =3.7lxio~16cw2 IW [82], The duration time of the pulse 
passing through the beam shaping system is 1 0 0  fs with a peak power ranging from
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1.5x10  n W / c m 2 to 5 x 1 0 12 W I  c m 2 . The calculated intensity profiles at the target plane as a 
function of radius and local time at the target plane of the beam shaping system are 
shown in Figure 4.9.
rad'ws Va
Figure 4.9. Intensity profiles as function of radius and local time at the target plane. The 
laser pulse duration is 100 fs, and the peak power in each figure is a) 1.5 x  1011W / c o t 2 , b) 
5xlO u fF/cOT2 ,c) 2 .5 x l0 12f f / c o t 2 and d )5 x l0 12fT/cOT2.
The energy fluence through the target plane of the beam shaping system is also 
calculated. Figure 4.10 shows the corresponding fluence curves as a function of the 
radius in the target plane.
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Figure 4.10. Integrated fluence in the target plane. The pulse duration is 100 fs, and the 
beam diameter is 10 mm. The pulse peak intensity is: a) 1.5x 10n fT I cm2 , b) 
5 x \ 0 n W / cm2, c) 2 .5 x l0 12)T/cm 2,and d ) 5 x l 0 u W / c m 2 .
The theoretical simulation shows that at relative low-energy levels (<10 mJ), the 
top-hat fluence profile is still maintained, but the sharpness of the top-hat profile is 
reduced (Figure 4.10(b)). As the pulse energy increases, the flat-top is destroyed by the 
self-phase modulation (Figure 4.10(c) and 4.10(d)). A series of diffraction rings arise at 
the target plane. The self-phase modulation will result in a phase increment from the 
center to the edge of the beam, as a result, the intensity profile in transverse wave vector 
space shows peaks and valleys resulting from constructive and destructive interference. A 
series of spikes are visible in the fluence curve. The number of bright rings can be 
estimated from the maximum phase difference A0r between the center and the edge of
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the beam. The number of bright rings is given by the integer closest to but smaller than 
. For a 100-mJ, 100-fs pulse, A</>r « 44 . The simulation result therefore shows 
approximately 7 interference rings (Figure 4.10(d)).
4.2 Experimental Data
Theoretical simulations of the pulse intensity profile at different energy levels 
indicate that at relatively low energy levels (a few milliJoules) this beam shaping system 
can reshape a Gaussian beam into a top-hat profile without being affected by dispersion 
and nonlinear phase modulation effects. However, as the pulse energy increases, the 
sharpness of the top-hat profile will be reduced. When the pulse energy is more than 40 
mJ, the flat-top profiles will be completely destroyed.
In order to confirm the theoretical simulations of the reshaped intensity 
distributions, we send a laser beam with various energy levels ranging from 6  nJ to 20 mJ 
through the beam shaping system. The reshaped beam profiles are in reasonable 
agreement with the theoretical calculations.
4.2.1 Low-energy pulse beam shaping
For relatively low-energy ultra short laser pulse beam shaping, a Ti:sapphire 
pulsed laser oscillator (Spectra-Physics, Tsunami) is used as the beam source. It is 
operating at 800 nm wavelength. The bandwidth of the input pulse is 40 nm measured 
with a spectrum analyzer. The pulse duration time is 100 fs, and the repetition rate of the 
pulsed laser beam is 80 MHz. The laser is running at an average power of 450 mW. 
Therefore, the energy of the laser beam is 6  nJ per pulse. The pulsed laser beam is sent
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through the diffractive beam shaping system, and the output intensity profile is captured 
with a CCD camera. Figure 4.11 shows the three-dimensional beam profile of the 
incident Gaussian beam and the output top-hat profile captured at the target plane of the 
beam shaping system.
(a) (b)
Figure 4.11. (a) Input laser beam with a Gaussian profile, (b) output beam with a flat-
top profile.
The profile shown in Figure 4.11(a) is a focused Gaussian laser beam. It was captured 
at the focal point of the Fourier lens while the phase delay element was removed from the 
beam shaping system. After the beam shaper was inserted between the beam expander 
and the Fourier lens, the intensity distribution was changed into a more flat-top beam 
profile shown in Figure 4.11(b).
The beam shaping system was originally developed for CW laser beams. In order 
to confirm that this beam shaping system can reshape a Gaussian beam profile into a 
homogeneous intensity distribution for low-power ultrashort laser pulse as well as for 
CW laser beam. It is necessary to compare the reshaped beam profiles for ultrashort laser 
pulse and for CW laser beam. The Ti:sapphire laser used in the experiment is pumped 
with a diode-pumped solid state 532 nm laser (Millennia, Spectra Physics). During
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operation, the Tsunami laser can lose mode-lock if the pumping beam is blocked. When 
the pump beam is released into the Tsunami laser again, the output properties of Tsunami 
laser will not change except that the beam is a CW instead of a pulsed laser beam.
In our experiment, we let the Tsunami laser stop mode-locking and didn’t find 
any change in the intensity distribution at the target plane of the beam shaping system. 
This confirmed that at very low energy levels, the diffractive beam shaping system has 
the same effect on ultrashort laser pulses as on CW laser beams. This can be understood 
if we consider the bandwidth of the laser used in these experiments. The spectral 
bandwidth is 40 nm with a center wavelength of 800 nm. As a result, the variation of J3 
over the spectrum of the pulse is only 5%, and the difference in the final top-hat profile 
between the pulsed- and CW-input is too small to observe. However, when the pulse is 
extremely short, the broad bandwidth will result in a large variation of /?, and thus the 
final top-hat intensity profile should be altered considerably.
In micromachining applications, the spatial-temporal intensity distribution of a laser 
beam is not the most straightforward way to measure the energy deposited onto a specific 
area of the target material. The integral intensity, i.e. Fluence, is a direct measure of the 
strength of the radiation field. Fluence is defined as energy per unit area . Its unit is J/m2. 
The Fluence through the center line of the top-hat beam profile is analyzed with the laser 
beam diagnostic software. Figure 4.12 shows the normalized energy-fluence profile 
along the central axis on the target plane of the beam shaping system compared with the 
theoretical calculation results.
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Figure 4.12. Normalized energy-fluence profile along the central axis of the target plane. 
The theoretical result is plotted as solid curves, and the two sets of experimental data are
plotted as filled squares and triangles.
4.2.2 Alignment and scaling errors
Diffractive beam shaping method is inherently sensitive to alignment errors and 
variations in the input beam properties such as beam size deviation, beam decentering 
with respect to the optical axis, target plane defocusing and so on. We also studied these 
alignment error effects in our experiment.
First, the incident laser beam is not aligned exactly along the optical axis of the 
beam shaping system, that is, a small lateral deviation is added. Theoretically, we do this 
by replacing E, with ^ - 8  in the diffraction integral. In our experiment, the incident 
beam’s radius is 5 mm, and the lateral misalignment is 0.5 mm. The theoretical curve
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along with the experimental data is shown in Figure 4.13. The off-axis incidence in the 
beam shaping system results in a considerable distortion of the top-hat profile.
7  0.8 
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Figure 4.13.Effect of lateral misalignment of 10% of the laser beam diameter. The 
theoretical result is plotted as solid curves, and the two sets of experimental data are 
plotted as filled squares and triangles.
We also studied the effect of input beam size deviation on the output beam profile. 
The scaling parameter j3 is determined by the product of both input and output beam 
diameters. However, for a given beam shaper, the input beam size is fixed, therefore, the 
deviation in input beam size can cause distortion in the output top-hat profile. The effects 
of input beam size 10% larger and smaller than the designed value are shown in Figures 
4.14(a) and 4.14(b), respectively. For a larger beam size, the profile becomes lower and 
wider, and on the contrary, higher and narrower for smaller input laser beam. The central 
part of the top hat sinks when the input beam size is larger and humps when the input
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beam size is smaller. This can be explained using a geometrical optics representation of 
the beam shaping process. In this diffractive optical element beam shaping system, the 
incident collimated rays of the laser beam are bent in a way that the rays near the edge of 
the beam shaping element are bent more than those near the center, and therefore the 
energy of the beam is concentrated towards the optical axis so that the Gaussian beam 
will evolve into a top-hat beam profile at the focal plane of the Fourier lens provided that 
the bending angles of the rays in different regions of the beam are well adjusted. When 
the diameter of the input laser beam is smaller than that of the beam shaping element, 
there will be more rays at the edge of the beam bent towards the center. That means more 
energy is concentrated at the center of the target plane, therefore, the central part of the 
top-hat profile will hump. In the opposite case, the top-hat profile will sink in the central 
part if the beam is larger than the designed size.
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Figure 4.14. Effects of beam size deviation, (a) input beam size 10% larger than the
designed value, (b) input beam size 10% smaller than the designed value. The theoretical
result is plotted as solid curves, and the two sets of experimental data are plotted as filled
squares and triangles.
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Besides the fluence distribution in the target plane, we also studied the beam 
profiles in front and behind the focusing plane of the Fourier lens. Defocusing effects of 
2.5% of the focusing length are calculated in the target plane before and after the focal 
plane of the Fourier lens. In the former case, the top hat profile is still obtained, except 
that the sharpness of the top-hat is reduced as shown in Figure 4.15(a). And in the latter 
case, a tilt edge appears on the top-hat profile as shown in Figure 4.15(b). This manifests 
the evolution of the energy fluence profile while the laser beam propagates through the 
focal plane of the Fourier lens, that is, the top-hat energy fluence profile only exists at a 
certain range around the target plane. This is because the phase front of the laser beam is 
curved and the energy within the laser beam will be redistributed while traveling along 
the direction of the optical axis.
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Figure 4.15. Defocusing effects, (a) intensity profile before the focusing plane of the 
Fourier lens by 2.5% of the focal length, (b) intensity profile after the focusing plane of 
the Fourier lens by 2.5% of the focal length, The theoretical result is plotted as solid 
curves, and the two sets of experimental data are plotted as filled squares and triangles.
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4.2.3 Medium- and high-energy pulse beam shaping
The CPA laser amplification system enables us to study the beam shaping system 
for high-energy ultrashort laser pulses. After being amplified by the first stage of the laser 
amplifier, the pulse energy reaches 1 mJ. The pulse duration is compressed back to 80 fs 
after passing through the grating-based pulse compressor. This 80-fs, 1-mJ pulsed laser 
beam is expanded to 1 0  mm in diameter and switched into the diffractive beam shaping 
system. We record the output beam profile at the focal plane of the Fourier lens with the 
CCD camera. Figure 4.16 shows the experimental data of the fluence profile along the 
central axis of the target plane together with the calculated fluence curve. The captured 
beam profile agrees with the theoretical top-hat distribution. This result confirms the 
validity of this beam shaping system for the application of ultrashort laser pulses at 
millijoule energy level.
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Figure 4.16. Fluence profile along the central axis of the target plane for a 1 -mJ, 80-fs 
laser pulse passing through the beam shaping system. The theoretical result is plotted as 
solid curves, and the two sets of experimental data are plotted as filled squares and
triangles.
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The final output of the laser amplifier system reaches 20 mJ with a pulse duration 
of 70 fs. Our theoretical calculation indicates that at this energy level, the output beam 
profile from the beam shaping system starts to deviate from the top-hat profile due to the 
nonlinear self phase modulation. The sharpness of the top-hat fluence profile will be 
reduced. The experimental data agree with the fluence profile calculated from the 
diffraction integral including the self-phase modulation effect. Figure 4.17 shows the 
reshaped beam profile of a 20-mJ, 70-fs pulsed laser beam along the central axis on the 
target plane of the beam shaping system.
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Figure 4.17. Fluence profile along the central axis of the target plane for a 20-mJ, 70-fs 
laser pulse passing through the beam shaping system. The theoretical result is plotted as 
solid curves, and the two sets of experimental data are plotted as filled squares and
triangles.
Summary
In conclusion, I have performed numerical simulations to obtain the spatio- 
temporal intensity distribution of the pulse front and the energy fluence profile through
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the target plane of the beam shaping system. The calculation result indicates that this 
beam shaping system can work well when the peak power of the laser pulse is below a 
certain level (<20 mJ). As the pulse energy increases, the top-hat fluence profile will be 
destroyed due to nonlinear self-phase modulation.
Experimental studies of the beam shaping system for ultra short laser pulses at 
various energy levels confirm that although this beam shaping system was originally 
developed for CW lasers, it can work well for ultra short laser pulses of several 
millijoules, an energy level frequently used in many micro-machining technologies. I also 
studied the influence of alignment error and variations in the input beam on the reshaped 
beam profile. The experimental results indicate that the diffractive beam shaping system 
is sensitive to the optical alignment as well as the input beam size variation.
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Chapter 5
Conclusion and Future Work
5.1 Conclusion
In this thesis, a diffractive beam shaping system originally developed for 
continuous wave lasers is studied for ultrashorg high-power laser pulses. A diffraction- 
based theoretical model is developed to simulate the reshaped intensity profiles for a 1 0 0 - 
fs pulse with various energy levels. Both temporal evolution and spatial intensity 
distribution of the pulse propagating to the target plane of the beam shaping system are 
calculated. Numerical simulation shows that after passing through the beam shaping 
system, the pulse front is significantly curved due to the propagation time delay, and the 
pulse duration time through the target plane is broadened because of the group velocity 
dispersion. However, for relatively low-energy pulses (on the order of millijoules), 
although the intensity distribution is changed considerably, the fluence top-hat profile is 
well maintained. This feature extends the application of this beam shaping system into 
the regime of ultrashorg laser pulses. While millijoule pulses are commonly used in the 
micromachining technology, the adaptability of this diffractive beam shaping system is 
greatly improved.
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Theoretical calculation also shows the limit when the top-hat profile starts to 
degrade. For very high-energy laser pulses (>40 mJ per pulse), the homogeneous fluence 
profile, as well as the intensity distribution, is destroyed due to the nonlinear self-phase 
modulation.
A terawatt CPA laser amplification system was built in order to verify the 
theoretical simulation in experiment. The output of his CPA amplifier is operating at 30 
Hz repetition rate with a pulse energy of 20 mJ/pulse. The compressed pulse duration is 
70 fs, resulting in a pulse peak power of 0.3 TW.
This thesis also presents an experimental study of the beam shaping system for 
ultrashorg high-power pulses generated in a CPA laser amplifier. Experimental results are 
in reasonable agreement with the numerical simulation of the reshaped fluence profiles at 
various energy levels from 6 nJ to 20 mJ. The experimental results confirm the validity of 
this diffractive beam shaping system for ultrashorg pulses with an energy lower than 2 0  
mJ/pulse.
5.2 Future work
Applications of the ultrashorg pulse beam shaping system in micromachining 
technology can be studied further as a future work. Since the mechanism used in the 
diffractive beam shaping system is based on phase-shifting technique, the propagation 
properties of the reshaped laser beam will affect, to a large extent, the treatment 
conditions and results in a micromachining system. Therefore, the beam focusing, 
contour and projection for the reshaped top-hat laser beam need to be considered for the 
purpose of practical applications. On the other hand, in many applications such as pulsed
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laser-plasma deposition of thin films, laser-driven microwelding and micropatterning, the 
interaction of the reshaped high-power laser radiation with matter (e.g. the process of 
plasma formation) also needs to be studied due to the unique properties of the 
homogenized high-power laser beam. Therefore, the future work of the ultrashorg, high- 
power laser beam shaping system can be categorized into two major directions: ( 1) 
investigation of the beam control techniques, and (2 ) study of the interaction between the 
reshaped laser radiation and matter.
In this thesis, the CPA laser amplifier is used to study the beam shaping system 
for ultrashorg high-power laser pulses. However, this high-power laser amplification 
system can be used for much more than the beam shaping study. As a future work, the 
amplified terawatt laser beam is going to be used to generate pulsed x-ray on a 
femtosecond time-scale.
X-rays are extremely useful in the study of the atomic structures because they can 
interact with core electrons directly. A pulsed x-ray on a femtosecond time-scale is 
especially desirable due to its high temporal resolution so that it can be used in the 
research of the atomic dynamics, such as the dynamics of a chemical reaction or the 
process of a phase transition.
A practical approach to generate femtosecond x-ray pulses is to create a high- 
intensity plasma by focusing a terra-watt laser beam onto a metal surface. The duration of 
the driven laser pulses is on a femtosecond time-scale, therefore, intense short-lived 
plasmas can be created during the period of the interaction between the laser and the 
metal. The electrons from the plasma will penetrate into the material, knocking out inner
99
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shell electrons of the atoms. The recombination of the outer shell electrons and the core 
holes results in the K a x-ray emissions.
Another scheme to generate soft x-rays using the terawatt femtosecond laser 
pulses is high-order harmonic generation in gases. Harmonic radiation can be generated 
by focusing the terawatt infrared laser beam into the gas which flows through a hollow 
fiber. The photon energies of the harmonic pulses are in the soft x-ray regime, and can be 
used for time-resolved photoelectron spectroscopy of metals and semiconductors.
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